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Chapter 1

IntroductionDue to 
olour 
on�nement, there are no free quarks in nature. However,shortly after the introdu
tion of quarks, it was predi
ted [1, 2℄ that at suf-�
iently high temperatures or densities quarks and gluons would no longerbe 
on�ned within hadrons. Instead, they 
ould move freely within thehot or dense region. After this de
on�nement transition, hadrons are nolonger the relevant degrees of freedom in the matter. Instead, the proper-ties of this new state of matter, whi
h is named quark-gluon plasma (QGP)or quark matter, are di
tated by the properties of the quarks and the gluons.The theory that des
ribes the strong intera
tions among quarks and gluonsis 
alled quantum 
hromodynami
s (QCD). The thermodynami
s of stronglyintera
ting matter, 
urrently at small net-baryon densities but over a largetemperature range, 
an be studied in a non-perturbative fashion with nu-meri
al simulations of QCD on the latti
e. Based on these studies, thede
on�nement transition at the vanishing net-baryon density, takes pla
e atthe 
riti
al temperature Tc ∼ 150 − 180 MeV1 [3℄, whi
h is roughly 10 000times the temperature of the plasma in the fusion rea
tor. At low temper-atures, the transition has been estimated to take pla
e when the baryondensity is a few times the nu
lear matter density [4℄. Both the high and lowtemperature 
ases 
orrespond to an energy density of the order of GeV/fm3.However, the phase diagram of the QCD in the low temperature and highbaryo-
hemi
al potential region has more stru
ture than expe
ted. In thisregion there are 
olour super
ondu
ting phases of the quark matter [5℄. QGPexists also at high net-baryon densities but at �nite temperature dependingon the value of the baryo-
hemi
al potential.1If kB ≡ 1, then the dimensions of temperature and energy are the same. For example,a temperature of 1 MeV ≈ 11.6 × 10
9 K. 3



The densities required for the transition to take pla
e may exist in the 
oresof neutron stars [6, 7℄. The temperature in the less than mi
rose
ond-olduniverse was high enough for matter to be in the QGP phase [8℄. Theseare extreme 
onditions 
ompared to those en
ountered in every day life and
learly, it is not possible to produ
e large amounts of quark matter in lab-oratory 
onditions. However, for a transient moment, similar densities 
anbe a
hieved in an ultrarelativisti
 
ollision between two heavy nu
lei. Themajor goal of relativisti
 heavy ion physi
s is to probe the phase diagramof the strongly intera
ting matter and to verify the existen
e of the 
hiraland de
on�nement transitions.The 
enter-of-mass 
ollision (CMS) energies a
hieved in �xed target ex-periments performed at the Brookhaven AGS (Alternating Gradient Syn-
hrotron) and at the CERN SPS (Super Proton Syn
hrotron) were in therange √
sNN ≃ 2 . . . 17 GeV. The formation of QGP may have taken pla
ein the lead-lead 
ollisions at the SPS but �nal 
on
lusions are still underdebate. The RHIC (Relativisti
 Heavy Ion Collider), lo
ated at BrookhavenNational Laboratory, is a fa
ility dedi
ated to the sear
h for QGP. The maxi-mum CMS energy in gold-gold 
ollisions at RHIC is √sNN = 200 GeV. Evenhigher CMS-energy, √sNN = 5500 GeV, will be rea
hed in lead-lead 
olli-sions at the CERN LHC (Large Hadron Collider).At 
ollider energies, at both the RHIC and LHC, the obtained energy densi-ties are suÆ
iently high for the formation of QGP. Based on the Bjorken es-timate [9℄, ǫ = dET

dη /(πR2
Aτ), and the measured transverse energy dET /dη ∼

610 GeV [10, 11℄, the initial energy density (at τ ∼ 1 fm/
) obtained at theRHIC energies is ǫ ∼ 5 GeV/fm3, whi
h is well above the 
riti
al energydensity. However, one of the major open questions in this resear
h �eld iswhether or not the �reball produ
ed in the 
ollision thermalizes. This isan important prerequisite for formation of a quark-gluon plasma, instead of\merely" dense strongly intera
ting matter, in the heavy ion 
ollisions.Although the thermalization of the �reball has not yet been proven, there isa wealth of eviden
e supporting the existen
e of pressure within the �reball.In parti
ular, the observed azimuthal asymmetry in the measured transversespe
tra of hadrons in non-
entral 
ollisions [12, 13, 14℄ 
ould not be formedwithout frequent se
ondary intera
tions.In hydrodynami
al modelling of heavy ion 
ollisions, the se
ondary intera
-tions are assumed to lead to the lo
al thermalization of the �reball. Afterthe primary intera
tions have taken pla
e, the �reball begins to expand, 
ool4



and rarefy. During this evolution stage, whi
h is des
ribed by the hydrody-nami
al evolution equations, 
olle
tive 
ow is generated from the pressuregradients.A plasma of quarks and gluons rehadronizes during the expansion stageas the temperature of the matter drops to Tc. After the expansion rateex
eeds the s
attering rate in the hadroni
 phase, the thermodynami
al (ki-neti
) equilibrium is no longer maintained and the �reball breaks into freelystreaming hadrons. This de
oupling pro
ess is most likely gradual but oftene�e
tively des
ribed by assuming that the de
oupling takes pla
e on a hy-persurfa
e 
hara
terized by a 
onstant temperature. These thermal hadronsare emitted in the late stages of the evolution and dominate the �nal hadronspe
tra in the region of low transverse momentum, pT . Roughly 99 % of the�nal measured hadrons belong to this thermal region in whi
h the spe
trashow a roughly exponential fall o�. These abundant low-pT parti
les formthe bulk of produ
ed �nal hadrons.Initially produ
ed partons having high transverse momentum are not ex-pe
ted to thermalize. Instead, they lose energy in traversing the densemedium formed by the softer parti
les. This energy loss, named jet quen
h-ing, is one of the predi
ted signals for the formation of QGP (see e.g. [15℄for a re
ent review).Ele
tromagneti
 emission, i.e. real photons and lepton pairs from the de-
ays of virtual photons, from the se
ondary intera
tions provide an ex
ellentprobe for the dense medium be
ause, due to their large mean free paths, theyes
ape from the 
ollision region without further intera
tions. In parti
ular,the ele
tromagneti
 emission is sensitive to the early stages of the evolution.In addition to photon emission, hadron multipli
ities at RHIC and at theLHC energies were studied in this thesis using a hydrodynami
al model.The initial state of the evolution is obtained from a perturbative QCD 
al-
ulation with a 
onje
ture of �nal state saturation [I℄. The predi
tions ofthis framework, for the hadron spe
tra in the 5 % most 
entral Au+Au 
ol-lisions at √sNN = 130 GeV [III℄ and √
sNN = 200 GeV [V℄, were 
omparedwith the data taken at the RHIC. Predi
tions for the hadron spe
tra in the5 % most 
entral Pb+Pb 
ollision at √sNN = 5500 GeV were also presentedin [V℄. The emission of thermal photons at the SPS energy was studied in[II℄ and the predi
tion for the RHIC energy was shown in [IV℄.
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Chapter 2

Hydrodynamical EvolutionA dense and hot �reball of strongly intera
ting matter is 
reated in the ul-trarelativisti
 
ollision of two heavy nu
lei. If the �reball rea
hes a lo
althermal equilibrium, after the parti
le produ
tion has taken pla
e, the fur-ther evolution of the �reball 
an be des
ribed using hydrodynami
s. Theuse of hydrodynami
s has a long history dating ba
k to 1950's [16℄, when itwas applied to parti
le produ
tion in pp-
ollisions.When appli
able, the hydrodynami
al des
ription provides a relatively sim-ple and 
on
rete pi
ture of the hot and dense stage of the evolution. It alsoenables the dire
t testing of the equations of state of strongly intera
tingmatter and allows the use of familiar 
on
epts, su
h as temperature and 
owvelo
ity, in the des
ription of rarefa
tion and the 
ooling of the �reball.However, parti
le produ
tion in primary intera
tions among the partons ofin
oming nu
lei has to be modelled separately and one has to assume thatse
ondary intera
tions o

ur frequently enough to lead to the lo
al ther-malization of the �reball. Thermalization is also assumed to be maintainedthroughout the evolution. In the 
hapters that follow the primary inter-a
tions, at 
ollider energies, are des
ribed with a pQCD+saturation model[17℄. Parti
le produ
tion and assumptions needed to 
onstru
t the initialstate, from whi
h the hydrodynami
al evolution begins, are dis
ussed inChap. 3.In the following se
tions the main features of the hydrodynami
al modellingof heavy ion 
ollisions are reviewed.
7



2.1 Evolution equationsHydrodynami
al evolution equations express the 
onservation of energy andmomentum
∂µT µν(x) = 0, (2.1)where T µν is the energy-momentum tensor. For other 
onserved quantities

Qi =
∫

d3xJ0
i , su
h as net-baryon number, a lo
al 
urrent 
onservationequation,

∂µJµ
i (x) = 0, (2.2)is obtained. Equations (2.1) and (2.2) are general and independent of thedynami
al properties of the system.In order to pro
eed, it is further assumed that the matter behaves as anideal 
uid, in whi
h 
ase the energy-momentum tensor takes the form

T µν = (ǫ + P )uµuν − gµνP, (2.3)where uµ is the four-velo
ity of the 
ow of the 
uid and ǫ and P are theenergy density and pressure in the lo
al rest frame (i.e. the 
o-movingframe) of the 
uid. Here, the 
onservation of the net-baryon number istaken into a

ount. With the four-velo
ity uµ of the 
uid, the net-baryon
urrent (2.2) takes the form Jµ
B = nBuµ, where nB := ρB − ρB̄ is the lo
alnet-baryon density in the 
o-moving frame, that is the di�eren
e of baryonand anti-baryon densities ρB and ρB̄ . To 
lose the 
onservation equations(2.1) and (2.2), an equation of state (EoS),
P = P (ǫ, nB), (2.4)whi
h gives the pressure in terms of energy and net-baryon density, isneeded. The ideal 
uid approximation (2.3) means that the dissipative andvis
ous e�e
ts are negle
ted and the evolution is isentropi
. Vis
ous e�e
tshave been re
ently studied in [18, 19, 20℄.The whole 
ollision pro
ess 
annot be treated with hydrodynami
s at ultra-relativisti
 energies. The primary intera
tions are not an equilibrium pro-
esses and they have to be modelled separately. The hydrodynami
al modelalso 
annot des
ribe how and in whi
h time s
ale, if any, the �reball rea
hesthe thermal equilibrium. In the majority of hydrodynami
al studies, theinitial densities and velo
ity �elds are des
ribed using phenomenologi
alparametrizations at some �nite (thermalization) time after the primary in-tera
tions have taken pla
e. The 
hoi
e of the initial state is not unam-biguous sin
e the �nal measured observables are reprodu
ed equally well by8



many di�erent parametrizations. If a rapid thermalization is assumed, thepQCD+saturation model provides a 
losed framework for the des
ription ofthe initial densities 
reated in the 
entral 
ollisions at the 
ollider energiesobtained in RHIC and the LHC [I, III, IV, V℄. However, the pQCD+ satura-tion approa
h, as dis
ussed in Chap. 3, is not meaningful at lower energies.Thus parametrized initial states have to be used in the 
al
ulations at theSPS energies [II, IV℄.Cooling and rarefa
tion of the �reball are di
tated by the hydrodynami
alevolution equations. As the �reball be
omes dilute, the parti
les 
ease tointera
t and freely stream to the dete
tors. This freeze-out pro
ess is de-s
ribed in Se
. 2.5.In the following se
tions parti
ular solutions for the evolution equations willbe dis
ussed in order to illustrate what needs to be known about the initialstate.
2.2 Boost-invariant solution for hydrodynamical

equationsOne-dimensional analyti
al solutions 
an be found for the 
ontinuity equa-tions (2.1) and (2.2). A solution in the limit of in�nite 
ollision energywas obtained by Bjorken in 1982 [9℄. In the Bjorken s
enario two in-�nitely large nu
lei, that are Lorentz 
ontra
ted to thin plates, 
ollide withultra-relativisti
 energy. Bjorken's solution was generalized in [21, 22℄ forhead-on (zero impa
t parameter) 
ollisions of two heavy nu
lei with a �-nite transverse size. The solution in
ludes the transverse expansion but
an no longer be solved analyti
ally. Both solutions are based on an as-sumption, that the experimental observables do not depend on the rapidity,
y ≡ 1

2 ln[(E + pz)/(E − pz)], around the mid-rapidity y = 0. This provides
onstraints on the four-velo
ity of the 
ow.A head-on 
ollision of two spheri
al nu
lei is 
ylindri
ally symmetri
 andthere is no dependen
e on the azimuthal angle φ in the transverse plane(xy-plane). Longitudinal boost-invarian
e requires the time and longitu-dinal 
omponents of the 
ow velo
ity uµ to be proportional to t and z,respe
tively, with the same fa
tor of proportionality. Also, the radial ve-lo
ity vr should be una�e
ted by the longitudinal Lorentz boost and thus,it 
an depend only on the proper time τ ≡
√

t2 − z2 and the transverseradius r ≡
√

x2 + y2. With the normalization u2 = uµuµ = 1, in 
ylindri
al9




oordinates xµ = (t, r, φ, z), the four-velo
ity 
an be written as [22, 23℄
uµ = γr

(

t

τ
, vr(τ, r), 0,

z

τ

)

, (2.5)where 1/γr =
√

1 − v2
r . In terms of the spa
e-time rapidity, ηst ≡ 1

2 ln[(t +

z)/(t − z)], Eq. (2.5) takes the form
uµ = γr(cosh ηst, vr(τ, r), 0, sinh ηst). (2.6)The 
on
ept of boost-invarian
e be
omes now transparent. The spa
e-timerapidity ηst is additive in the longitudinal Lorentz boosts and it 
an be seendire
tly from (2.6) that the des
ription of the 
ow appears the same in ev-ery frame boosted from z = 0 = ηst. Thus, the original (3+1)-dimensionalproblem is redu
ed to a (1+1)-dimensional one with the limitation that(formally) only ultra-relativisti
 head-on 
ollisions of spheri
al nu
lei 
anbe 
onsidered and all information on the rapidity y is lost.The initial 
onditions should respe
t the same symmetries. This means theenergy- and baryon number densities,

ǫ = ǫ(τ0, r) and nB = nB(τ0, r), (2.7)must be spe
i�ed at some (�nite) 
onstant of proper time τ0. In the 
aseof longitudinal s
aling 
ow, vz = z/t, all parti
les 
an be tra
ed ba
k tothe 
ollision point (t, z) = (0, 0). Thus, in the boost-invariant s
enario, τ0uniquely de�nes the thermalization time. The 
on
ept of thermalizationtime be
omes more involved when the assumption of boost-invariant 
ow isrelaxed [IV, 24, 25℄.The initial transverse velo
ity vr = vr(τ0, r) also has to be spe
i�ed, butit is always, unless stated otherwise, 
hosen to be vr(τ0, r) ≡ 0. Withinthese 
hoi
es, when τ0, shapes and normalizations of ǫ(τ0, r) and nB(τ0, r)are spe
i�ed, the deterministi
 evolution of ǫ, nB and vr follows from thenumeri
al solution of the hydrodynami
al evolution equations.
2.3 Relaxing the approximations of boost-invariance

or cylindrical symmetryRelaxing the assumption of longitudinal boost-invariant 
ow is, in prin
i-ple, straightforward. The ηst in Eq. (2.6) should be repla
ed by a generallongitudinal 
ow rapidity θ = θ(τ, r, ηst) and the transverse 
ow should be10



allowed to also depend on ηst [23℄. This was done in [24℄, where the authorsdis
uss the hadron and ele
tromagneti
 spe
tra in S+Au 
ollisions at theSPS.When the initial densities and 
ow velo
ity also have to be spe
i�ed in thelongitudinal dire
tion, the des
ription of the initial state be
omes more 
om-pli
ated [24, 25, 26℄. There is 
onsiderable ambiguity in the 
hoi
e of theinitial state. Referen
es [25, 26℄ present a model based on the lo
al nu
learthi
kness. In the model, the spatial energy and baryon number densitiesdepend both on the equation of state and on the 
hoi
e of the initial longi-tudinal velo
ity pro�le. At the SPS, the parameter spa
e is still fairly largeand various 
hoi
es reprodu
e all hadron data equally well.As dis
ussed in [27℄, ele
tromagneti
 probes 
an provide more 
onstraintsfor the initial state. This study was revised in [II℄ after the WA98 
ollab-oration reported data on dire
t photons1 measured in Pb-Pb 
ollisions atthe SPS [28, 29℄. A 
omparison between boost-invariant and non-boost-invariant des
riptions of the dire
t photon data was presented in [II℄. Thestudies of the WA98 data were reviewed in [IV℄, where the role of the initialstate was emphasized.In the non-
entral 
ollisions of spheri
al nu
lei or in the 
entral 
ollisions ofdeformed nu
lei, su
h as uranium, the initial �reball is almond shaped inthe transverse plane. Deformation in the initial densities leads to steeperpressure gradients and hen
e a stronger 
ow into the short dire
tion of the al-mond whi
h is de�ned by the impa
t parameter. As a result of an anisotropi

ow in the transverse plane, the �nal transverse spe
tra of hadrons areanisotropi
 [30℄. The anisotropy is studied using Fourier de
omposition ofthe azimuthal angle dependen
e in the �nal spe
tra. The se
ond Fourier
oeÆ
ient is 
alled the ellipti
 
ow. All odd Fourier 
oeÆ
ients vanish atmid-rapidity when symmetri
 AA 
ollisions are 
onsidered [31℄. Studies ofthe ellipti
 
ow at RHIC are reviewed e.g. in [32℄.The full 
omplexity of ideal 
uid hydrodynami
s has been des
ribed byT. Hirano whose simulation software 
an model a (3+1)-dimensional spa
e-time evolution [33℄. Su
h an a
hievement opens the possibility to also studythe rapidity dependen
e of e.g. multipli
ities, transverse spe
tra and ellip-ti
 
ow. However, the rapidity dependen
e of the ellipti
 
ow, when thetransverse spe
tra are simultaneously well des
ribed, is espe
ially diÆ
ultto obtain [33, 34℄. Additional resear
h is needed to understand the ellipti
1Photons are dis
ussed at Se
. 2.7.1. 11




ow within the fragmentation regions [35℄.As will be presented in Se
. 2.6, at 
ollider energies the more limited boost-invariant 
ode used in 
al
ulations here is adequate to des
ribe the trans-verse 
ow and transverse spe
tra of hadrons at mid-rapidity. As dis
ussedabove and in Chap. 3, a des
ription for the initial state used here is ob-tained from a 
losed pQCD+saturation 
al
ulation [17℄. Hirano and Narahave made [36℄ a fully (3+1)-dimensional hydrodynami
al study where theinitial state is based on the semi-analyti
al Colour Glass Condensate (CGC)model [37℄. They obtain an ex
ellent des
ription of the rapidity dependen
eof 
harged parti
le multipli
ities and transverse spe
tra of pions. However,the CGC model [37℄ leaves the normalization of the initial gluon densityopen. Hen
e, while the shape of the initial density in the hydrodynami
aldes
ription [36℄ is obtained from a 
al
ulation, assuming that the shape doesnot 
hange 
onsiderably in between formation and thermalization, the nor-malizations of initial densities, however, are determined by 
omparing the�nal results to experimental data. The initial net-baryon density 
an alsobe obtained from the pQCD+saturation model [17℄, as dis
ussed in Chap. 3,while the CGC model [37℄ des
ribes the initial gluon produ
tion only.
2.4 Equation of stateFor many years, the thermodynami
s of quarks and gluons and the transi-tion between the low temperature hadroni
 phase and quark gluon plasma(QGP) has been studied within the framework of latti
e regularized QCD.Knowledge of the high temperature phase, at vanishing baryo-
hemi
al po-tential, has improved through the development in dis
retization s
hemesand in
reased 
omputer resour
es [3℄.Quark masses in (2+1)-
avour QCD, i.e. simulations with two light andone heavier quark, are too large to be 
ompared to the realisti
 situationin nature. By extrapolation to the 
hiral limit, the 
riti
al temperature fortwo-
avour QCD is 167−181 MeV, depending on the dis
retization s
heme.A three-
avour QCD is found to lead to 
onsistently lower values for the
riti
al temperature, Tc(2-
avour)−Tc(3-
avour) ∼ 20 MeV. The results ob-tained from 
al
ulations with (2+1)-
avours indi
ate that the 
riti
al tem-perature seems to be 
loser to the two than the three-
avour 
ase.The results obtained from the latti
e 
al
ulation approa
h the free gas limit12



for gluons and Nf massless quarks
ǫ = 3P =

(

16 +
21

2
Nf

)

π2

30
T 4 (2.8)slowly and deviations are ∼ 15 % when T ∼ (2− 4)Tc [3℄. Also, the order ofthe phase transition is still un
ertain. Results from the two-
avour QCD,with a �nite baryo-
hemi
al potential, indi
ate, that there may be a tri
rit-i
al point. If this was indeed the 
ase, there is a �rst order phase transitionabove µc while below µc, there is a 
ross over transition [38℄.The region T<∼0.9Tc of the EoS is the most diÆ
ult one to obtain from thelatti
e 
al
ulations. In the hydrodynami
al studies it is also important toknow, as dis
ussed in Se
. 2.5, what exa
tly are the hadroni
 degrees offreedom at T < Tc. Therefore, the low temperature phase is des
ribed as afree gas of hadrons and resonan
es. A re
ent study [39℄ also indi
ates thatthe T < Tc regime, obtained from the two-
avour latti
e 
al
ulations, 
anbe well des
ribed by a non-intera
ting hadron resonan
e gas model.Details of the 
onstru
tion of the hadroni
 part of the EoS are presented inRef. [24℄. The hadron phase 
onsists of all hadrons and resonan
es up to 1.4GeV [I, II, IV℄ or 2 GeV [III, V℄ and matter is required to be strangenessneutral.In order to 
onstru
t an EoS, one possibility would be to des
ribe the hightemperature phase as a parametrization of the latti
e results and to jointhis parametrization smoothly to the hadron resonan
e gas near the 
riti
altemperature. Fig. 2.1 shows ǫ/T 4 (solid line) and P/T 4 (dashed line) asa fun
tion of T/Tc in the EoS, where hadron resonan
e gas is joined to aparametrization obtained from a thermal quasi-parti
le des
ription of latti
eresults [40℄. The free gas limit, with Nf = 3, is indi
ated.A detailed study [41℄, whi
h uses the 
onstru
tion of the EoS as des
ribedabove, shows that the transverse spe
tra of hadrons are fairly insensitiveto the des
ription of the phase transition region. A similar 
al
ulation,verifying the above statement, has been made by the author. Hen
e, herethe use of the simpler bag EoS, with a �rst order phase transition betweenthe ideal gas of quarks and gluons and a free gas of hadrons and hadronresonan
es, is justi�ed. The bag 
onstant is 
hosen su
h that the 
riti
altemperature Tc ≃ 165 MeV. The bag model equation of state (EoS A),where hadrons and resonan
es up to m = 1.4 GeV are in
luded in thehadron resonan
e gas at T < Tc, is shown as the dotted and dashed-dotted13
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Figure 2.1: Energy density and pressure, illustrated as dimensionless quantities
ǫ/T 4 and P/T 4, for the bag equation of state (EoS A) and hadron resonan
e gas+ quasi-parti
le parametrization [40℄ of latti
e results (EoS L).lines in Fig. 2.1.
2.5 Decoupling and hadronic observablesRarefa
tion and the 
ooling of the �reball is des
ribed with the hydrody-nami
 evolution equations. At some point, either the mean free path ofparti
les be
ome larger than size of the system or the expansion rate ex-
eeds the intera
tion rate. As a result, the thermodynami
al equilibrium
eases to exist and a 
uid with a �nite pressure turns into freely streamingparti
les.
2.5.1 Thermal spectra of hadronsIn the Cooper and Frye des
ription [42℄, used here and in most hydrodynam-i
al studies, the de
oupling is assumed to take pla
e on an in�nitesimallythin de
oupling surfa
e σ, whi
h is a three-dimensional hypersurfa
e, usu-ally 
hara
terized by a 
onstant temperature T (x) = Tdec or 
onstant energy14



density2 ǫ(x) = ǫdec.For matter with a 
ow velo
ity uα(x) the ideal gas distribution is
f(x, p) =

g

(2π)3
1

e(uαpα−µ)/T ∓ 1
(2.9)in the frame where uα is measured. The g above 
ounts the spin-degreesof freedom, the minus (plus) sign refers to bosons (fermions) and µ(x) and

T (x) are the 
hemi
al potential and temperature.If dσα is the surfa
e element of the de
oupling surfa
e σ and Nα the par-ti
le number four-
urrent, then the total number of parti
les 
rossing thede
oupling surfa
e σ is
N =

∫

σ
Nαdσα =

∫

d3p

E

∫

σ
f(x, p)pαdσα. (2.10)Hen
e, the invariant momentum distribution is [42℄

E
dN

d3p
=

∫

σ
f(x, p)pαdσα. (2.11)In the 
ase of boost-invarian
e and 
ylindri
al symmetry, the above relation
an be integrated over the spa
e-time rapidity ηst and the azimuthal angle

φ. The thermal spe
trum of a hadron, with mass m, redu
es to the lineintegral, over γ ∈ τr-plane,
1

2πpT

dN

dydpT
=

g

2π2

∫

γ
τr

∞
∑

n=1

(±1)n+1enµ/T (2.12)
×

[

mT I0

(

nγrvr
pT

T

)

K1

(

nγr
mT

T

)

dr − pT I1

(

nγrvr
pT

T

)

K0

(

nγr
mT

T

)

dτ
]

,where the I's and K's are hyperboli
 Bessel fun
tions, T = Tdec, vr is theradial 
ow velo
ity on the de
oupling surfa
e and 1/γr =
√

1 − v2
r is the
orresponding γ-fa
tor [23, 43℄.In order to obtain the thermal spe
trum of hadron h, the line integration(2.12) is performed for every hadron and hadron resonan
e h in
luded inthe hadroni
 part of the EoS. This is why the degrees of freedom in thehadron gas need to be known. The 
hemi
al potential µ of hadron h is µh =

BhµB + ShµS , where Bh and Sh are the baryon and strangeness numbers ofhadron h and µB/S the 
orresponding 
hemi
al potentials. Hydrodynami
al2These two 
ondition are equal, when nB ≡ 0.15



evolution supplies the net-baryon density nB on the de
oupling surfa
e T =

Tdec. The values of the 
hemi
al potentials are determined by requiringthe lo
al strangeness neutrality and by forming the net-baryon density fromfree-parti
le densities, nh, i.e.
0 =

∑

h

Shnh(Tdec, µh) and nB =
∑

h

Bhnh(Tdec, µh). (2.13)If nB 6= 0, the solution for µS is non-trivial, sin
e there are both strangebaryons, like lambda's, and strange mesons, like kaons. Although µS is smallat the 
ollider energies, it leads to a deviation from unity in the strange me-son ratios. (see [V℄ or Table 4.2 below).
2.5.2 Resonance decays and hyperon feed-downIn order to obtain the �nal observed spe
tra, resonan
e de
ays must be
onsidered sin
e these parti
les will de
ay before they rea
h the dete
tors.The two and three body de
ays, whose detailed de
ay kinemati
s have beenworked out e.g. in [44℄, have been in
luded with bran
hing ratios (BR) from[45℄. Hadrons that do not have strong or ele
tromagneti
 de
ay 
hannels aretreated as stable, i.e. all states of

π, K, p, n, Λ, Σ, Ξ and Ωand 
orresponding anti-parti
les. Σ0 is the ex
eption sin
e it has an ele
-tromagneti
 de
ay 
hannel Σ0 → Λ + γ.All hyperons (Λ, Σ, Ξ and Ω) have de
ay 
hains that end either as protonor neutron, whi
h leads to a 
ontribution from the weak hyperon de
ays| known as the hyperon feed-down | in the measured proton spe
tra.The PHENIX and STAR 
ollaborations have published Λ and Λ̄ spe
trameasured at RHIC at √
sNN = 130 GeV [46, 47℄. The results support anestimate, presented in [48℄, whi
h says that ∼ 30 % of the measured protonsoriginate from the hyperon de
ays. The mid-rapidity density dN/dy ofprotons in the 5 % most 
entral Au+Au 
ollisions at √sNN = 200 GeV are

18.4 ± 2.6 and 34.6 ± 6.2, when measured by the PHENIX [49℄ and STAR[50℄ 
ollaborations, respe
tively. The apparent di�eren
e in the measuredyields 
omes from the hyperon feed-down 
ontribution, whi
h is extra
tedfrom the PHENIX results but in
luded in the STAR results.16



2.6 Validity of the boost-invariant approximationBoost-invarian
e is an in�nite energy limit approximation whi
h is obviouslynot 
ompletely valid, at least in the fragmentation regions, in real heavy ion
ollisions with �nite 
ollision energy. However, it 
an be argued that anex
ellent des
ription of the transverse 
ow is obtained with an assumptionof longitudinal s
aling 
ow at the 
entral rapidity region at 
ollider energies[51, 52, 36, V℄.In the boost-invariant des
ription, the initial longitudinal 
ow is of the formof the s
aling 
ow, vz = z/t, and it is assumed to retain this form through-out the evolution. This would only be the 
ase if the initial densities are
at in the spa
e-time rapidity, sin
e in this 
ase there would be no longitu-dinal pressure gradients to 
ause deviations in the longitudinal 
ow velo
ity.In [51℄, the initial energy density resembles a wide Gaussian in the spa
e-time rapidity. The longitudinal 
ow was initially of the s
aling form vz = z/tbut dynami
ally developed during the evolution. The transverse expansion,however, was negle
ted and thus the results should supply an upper limitto the modi�
ations in the longitudinal 
ow, sin
e in
lusion of the trans-verse 
ow would redu
e the lifetime of the system. Di�eren
es to the s
aling
ow were found to be a few per
ent at the small |ηst|. The transverse 
owhas been in
luded in [52℄ where the initial energy density was assumed tobe 
at, up to |ηst|<∼0.5, and to have a Gaussian tail at the RHIC energy√
sNN = 130 GeV. Again, at |ηst| < 1 the longitudinal 
ow deviated fromthe initially assumed s
aling form only by ∼ 5 % after a 15 fm/
 of hydro-dynami
al expansion.When the transverse spe
tra are 
al
ulated using the Cooper and Frye pre-s
ription [42℄ (Eq. (2.12)), the 
ontribution from regions |ηst| > 0 to themid-rapidity is suppressed by a fa
tor of ∼ e−mT cosh ηst/T [23℄. This meansthat the yields at mid-rapidity are not sensitive to the fragmentation re-gions be
ause only a small fra
tion of parti
les in the thermal bath have alarge enough energy to end up in the mid-rapidity region over a rapiditygap larger than one.As deviations, 
aused by the longitudinal pressure gradients, in the initiallyassumed s
aling 
ow are small at |ηst|<∼1, from where also the dominant
ontribution to the transverse spe
tra of hadrons observed at y = 0 
omes,boost-invariant hydrodynami
s gives an ex
ellent des
ription for both thetransverse 
ow and transverse spe
tra at 
entral rapidity. However, in these17



validity arguments above, the longitudinal 
ow is assumed to be initially ofthe s
aling form. At the SPS at least, this need not be the 
ase [25℄.In the 
ase of exa
t boost-invarian
e, where the initial densities are 
at ev-erywhere in ηst, the �nal rapidity density dN/dy is also 
at. Hen
e, it hasbeen suggested that in |y|<∼1 the formation of a plateau should be seen,whi
h is sometimes 
alled the boost-invariant region. The BRAHMS 
ollab-oration [53℄ has measured the rapidity density of pions and kaons and foundthem to be well des
ribed using Gaussian �ts.The possibility of the formation of a rapidity plateau in the �nal rapiditydensity was studied in [36℄. With the radial expansion negle
ted, the authors
onsidered a spe
tra of massless pions. The longitudinal 
ow has the s
alingform vz = z/t and the de
oupling takes pla
e in an uniform 
ylinder with a�nite extension η0. In this 
ase, Eq. (2.12) redu
es to [36℄
dN

dy
∝ T 3 [tanh(y + η0) − tanh(y − η0)] . (2.14)Thus, the initial densities should be 
at over a 
onsiderable range beforethe formation of a plateau in the �nal measured rapidity density. It remainsto be seen if a plateau develops at the LHC energies. Regardless, it shouldalso be noted that the initial densities need not have a 
at region at all. Forexample, based on the pQCD+saturation model [51℄ or the semi-analyti
alCGC [37℄ des
riptions for the primary intera
tions, there is no 
at regionin the initial densities and hen
e it most likely does not appear in the �nal

dN/dy either. The boost-invariant des
ription of the transverse 
ow, how-ever, would still be a justi�ed approximation.Landau's pi
ture for the initial 
onditions, where the 
olliding nu
lei areassumed to stop 
ompletely, however, 
an be ruled out. Even at the SPSenergies, the net-proton rapidity distribution 
annot be even qualitativelyreprodu
ed, if full stopping is assumed [26℄. Also, the net-proton rapiditydensity as measured by BRAHMS [54℄ suggests that the 
ollisions at theRHIC energies are transparent as 
ompared to those at lower energies.At RHIC, the total 
ollision energy is Etot = A
√

sNN , the transverse areaof 
olliding nu
lei AT ∼ πR2
A and the longitudinal thi
kness z ∼ 2RA/γ ∼

4mpRA/
√

sNN . The full stopping s
enario leads to an initial energy densityof the order
ǫ ∼ Etot

AT z
∼ AsNN

4πR3
Amp

∼ TeV/fm3,in the Au+Au 
ollisions (A = 197) at √
sNN = 200 GeV. For an ideal18



gas of gluons and quarks (Nf = 3) this 
orresponds to an (average) initialtemperature Tini ∼ 840 MeV and leads to too large photon emission (seeSe
s. 2.7 and 4.4.2 and [55℄). Also, the shape of the rapidity density ofthermal photons is sensitive to the amount of stopping whi
h may providean experimental test for the separation of di�erent des
riptions of the initiallongitudinal 
ow [55℄.
2.7 Probes of a dense mediumAs dis
ussed in Se
. 2.5.1, hadron spe
tra are determined at the �nal stageof the evolution and do not dire
tly provide information on the propertiesof the dense medium. In order to learn about the 
onditions inside themedium, more penetrating probes are needed.
2.7.1 Thermal photonsIt has been suggested that, due to their large mean free path 
ompared tothe size of the system [56℄, photons would be an ideal probe for the hot earlystages of the relativisti
 heavy ion 
ollisions, sin
e they would es
ape fromthe 
ollision region without further intera
tions.The assumption of thermalization ne
essitates the emission of thermal pho-tons during the expansion. In prin
iple, the evaluation of the spe
trum ofthermal photons is straightforward when the emission rate R ≡ EdNγ/d4xd3kis known. To obtain the spe
trum of emitted thermal photons, the emis-sion rate needs to be integrated over the spa
e-time volume (V4) where thetemperature is larger than the de
oupling temperature Tdec

E
dNγ

d3k
=

∫

V4

d4x RΘ(T − Tdec). (2.15)The leading order (ααs) photon emission rate from the thermalized QGPwas �rst obtained in [57, 58℄, in whi
h two-to-two pro
esses, Compton s
at-tering and qq̄-annihilation, were in
luded. This was thought to give the
omplete leading order result until it was found [59℄ that bremsstrahlungand pair annihilation, although they naively are O(αα2
s), 
ontribute to theleading order due to the enhan
ement from 
ollinear singularities. The full

O(ααs) result was obtained in [60℄ where the leading 
ontributions wereisolated and summed to all orders. The authors of [60℄ also provide aparametrization for the 
omplete leading order rate [61℄, whi
h is used inthe photon emission 
al
ulations [II, IV℄ presented here.19



The emission from hadron gas is des
ribed with a pseudos
alar-ve
tor La-grangian whi
h in
ludes mesoni
 s
attering pro
esses ππ → ργ and πρ → πγ[57℄. The πρ 
hannel gets a large 
ontribution from the rea
tion through thea1 axial meson πρ → a1 → πγ [62℄. In publi
ations [II, IV℄ parametrizationsprovided by the authors of [62, 63℄ were used. The e�e
ts from baryons andheavier mesoni
 resonan
es, whi
h are not in
luded in the above rates, aredis
ussed in [64℄.Although thermal photons appears to be an ideal probe for the dense medium,a 
aveat exists. Photons are 
reated in every stage of the 
ollision; there areprompt photons from primary intera
tions between partons of the in
omingnu
lei, de
ay photons of the �nal state hadrons, espe
ially π0's and η's, andalso photons emitted by high energy quarks when they propagate throughthe medium (jet-photon 
onversion). It is known that the de
ay photonsdominate the spe
trum and 
ontributions from the other sour
es, the so
alled ex
ess photons, are diÆ
ult to resolve experimentally. Additionally,isolating the thermal 
ontribution from the ex
ess photon spe
trum is aneven more 
umbersome task.A dis
ussion on jet-photon 
onversion [65℄ is not presented here. However,a re
ent study [66℄ indi
ates that, at RHIC, the 
ontribution from the jet-photon 
onversion is below both the thermal yield at kT <∼2.5 GeV and theprompt photon yield in larger kT region. At the LHC, the thermal emissionmay ex
eed the 
ontribution from the jet-photon 
onversion up to the pho-ton transverse momentum kT ∼ 9 GeV (see Se
. 6.9 in [67℄).The experimental results for the ex
ess photons and the thermal 
ontribu-tion from the hydrodynami
al simulations are presented in Se
. 4.4.
2.7.2 Jet quenchingHigh energy partons, whi
h are produ
ed in primary intera
tions, are notexpe
ted to thermalize. Instead, they travel through the dense mediumlosing their energy. The total energy loss has been found to s
ale as L2,where L is the extent of the medium [68℄. This e�e
t is seen in the sup-pression of high pT hadrons, observed in AA-
ollisions, as 
ompared to theresults from proton-proton 
ollisions, s
aled by the number of 
ollisions[69, 70, 71, 72, 73, 74℄. This phenomenon is known as jet quen
hing and ithas been widely dis
ussed as a probe for the dense medium.No attempt is made here for a detailed dis
ussion on jet quen
hing, as the20



author has not parti
ipated in the 
al
ulations regarding it. However, re-sults for 
harged hadron spe
tra at the high transverse momentum regionare shown for the purpose of 
omparison with the thermal 
omponent. Theslopes of the thermal spe
tra of hadrons are roughly exponential in shapewhereas the slopes of the spe
tra of hadrons, originating from the fragmen-tation of hard partons, display a powerlaw behaviour in the large transversemomentum region. An intermediate pT region, where the 
ontribution fromjet fragmentation in
luding energy loss be
omes 
omparable with the ther-mal yield, will be identi�ed.In [V℄ the des
ription of the energy loss presented in [75℄ is utilized to obtainthe transverse momentum spe
tra of hadrons at high pT . Similar studies
ombining hydrodynami
s and jet quen
hing are presented by Hirano andNara [76, 36℄.
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Chapter 3

Initial State from the

pQCD+saturation ModelAs was observed in Se
. 2.2, the energy and baryon number densities, ǫ(τ0, r)and nB(τ0, r), need to be spe
i�ed at some �nite thermalization time τ0 forinitial 
onditions of azimuthally-symmetri
 boost-invariant hydrodynami
s.At 
ollider energies [I, III, V℄, an initial state, obtained from a perturbativeQCD (pQCD) 
al
ulation with a 
onje
ture of the �nal state saturation [17℄,was used.
3.1 Minijet productionIn the pQCD+saturation model introdu
ed in Ref. [17℄, the key quantitiesin des
ribing primary intera
tions using perturbation theory are a number-weighted 
ross se
tion σ〈N〉(p0,

√
sNN , A,∆y) and a transverse energy-weight-ed 
ross se
tion σ〈ET 〉(p0,

√
sNN , A,∆y), 
al
ulated in a framework of 
ollinearfa
torization, in a single nu
leon-nu
leon 
ollision, when the nu
leons arebound to a nu
leus with mass number A. The quantity σ〈N〉 is an inte-grated in
lusive 
ross se
tion for produ
ing a minijet, whi
h has a transversemomentum pT ≥ p0, within a rapidity interval ∆y and p0 ≫ ΛQCD is the
ut-o� s
ale. Dependen
e on the mass number A exists through the nu
learparton distribution fun
tions fi/A. For more details, see Chap. 2 in [V℄.The multipli
ity of all partons, with pT ≥ p0, produ
ed within the 
entralrapidity interval ∆y in an AA-
ollision is

NAA(b,
√

sNN , p0,∆y) = TAA(b)σ〈N〉(p0,
√

sNN , A,∆y). (3.1)Similarly, the transverse energy-weighted minijet 
ross se
tion σ〈ET 〉 sup-23



plies the transverse energy EAA
T 
arried by the produ
ed quanta

EAA
T (b,

√
sNN , p0,∆y) = TAA(b)σ〈ET 〉(p0,

√
sNN , A,∆y). (3.2)In the above relations, b = (bx, by) is the impa
t parameter and

TAA(b) =

∫

d2s TA(s)TA(b − s) and (3.3)
TA(s) =

∫ ∞

−∞
dz nA(s, z) (3.4)are the nu
lear overlap and thi
kness fun
tions, respe
tively. The nu
leardensity nA is normalized to ∫

d3x nA(x) = A. A spheri
ally symmetri
Woods-Saxon density
nWS

A (x) = nWS
A (r) =

n0

1 + exp[(r − RA)/d]
, (3.5)is used, where r =

√
s2 + z2, nu
lear radius RA = 1.12A1/3 −0.86A−1/3, nu-
lear thi
kness parameter d = 0.17 fm and n0 is the 
entral density de�nedby the normalization [77℄.The number of produ
ed partons is well de�ned only in the leading orderpQCD sin
e the 
al
ulation is not infrared-safe if it is not spe
i�ed whentwo nearly 
ollinear partons are to be 
ounted as one. However, the minijettransverse energy 
al
ulation 
an be extended to the next-to-leading order[78, 79℄ in an infrared-safe manner and this provides a theoreti
al des
rip-tion for a K-fa
tor. The same K-fa
tor, whi
h has a value K = 2.3 (1.6)for RHIC (LHC) [79, I℄, is also used for multipli
ities.The 
ross se
tion σ〈N〉 for all partons 
an be de
omposed to
σ〈N〉 = σ〈Ng〉 + σ〈Nq〉 + σ〈Nq̄〉, (3.6)whi
h in
ludes 
ontributions from produ
ed gluons, quarks and anti-quarks,respe
tively [80, III, V℄. The net-baryon number produ
ed within the ra-pidity interval ∆y is simply

NB−B̄
AA = TAA

1

3
[σ〈Nq〉 − σ〈Nq̄〉] ≡ TAAσ〈NB〉, (3.7)whi
h deviates from zero due to the valen
e quark s
atterings. In order toa
hieve the initial state for the hydrodynami
al evolution, the remainingtask is to �x the 
ut-o� momentum p0 and 
onvert (3.2) and (3.7) to spatialenergy and net-baryon number densities (2.7).24



3.2 Saturation and initial densitiesThe idea of a �nal state (of primary intera
tions) saturation was proposedin [17℄. pQCD is known to work at high pT ≫ 1 GeV. Perturbative partonprodu
tion is followed towards smaller values of pT , where gluons domi-nate. At some point, the gluon density be
omes so large that gluon fusionsbe
ome important and tame the growth of the gluon number. This pro
e-dure is non-perturbative and it is e�e
tively des
ribed with the followingphenomenologi
al 
onje
ture: a dense minijet system saturates when the ef-fe
tive transverse o

upation area of perturbatively produ
ed minijets, ea
hof a transverse size π/p2
0, �ll the total transverse area πR2

A of the 
ollidingnu
lei, i.e.
NAA(p0 = psat) ×

π

p2
sat

= πR2
A. (3.8)It turns out that the obtained saturation s
ale has values psat ∼ 1 . . . 2 GeV

≫ ΛQCD at 
ollider energies and the perturbation theory seems trustworthyin the sense that the K-fa
tors remain stable even down to su
h small s
ales[79℄.The pQCD 
al
ulation of minijet produ
tion is formulated in momentumspa
e and a 
onne
tion to spatial densities needs to be established. At
ollider energies, 2RA/γcm ≪ 1 fm so the 
ollision region is 
onsidered tobe a point in the tz-plane and it is assumed that the rapidity of the minijet
y 
oin
ides with its spa
e-time rapidity ηst. The saturation s
ale psat givesthe formation (proper) time τform ∼ 1/psat of the minijets. Hen
e, minijetsprodu
ed within the rapidity interval ∆y are formed along a hyperbola
t =

√

τ2
form + z2 with a longitudinal velo
ity vz = z/t and o

upy a volume

∆V (τform)AT ∆z ≈ πR2
Aτform∆y. An average density of minijets, after theformation, is

〈n〉 =
NAA(p0 = psat)

∆V (τform)
, (3.9)whi
h has a value 〈n〉 ∼ 60 (400) 1/fm3 at RHIC (LHC) [17℄. The averageenergy- and net-baryon densities 〈ǫ〉 and 〈nB〉 are obtained similarly by re-pla
ing NAA with EAA

T or NB−B̄
AA in Eq. (3.9).Next the bold assumption is made that the produ
ed minijet system ther-malizes immediately after it is formed, i.e. the thermalization time τ0 =

τform. Some arguments 
an be given in favour of this assumption. If thetemperature T for (gluoni
) matter is 
al
ulated from 〈n〉 ∼ T 3 or 〈ǫ〉 ∼ T 4,the same T for the thermal system should be obtained. This was found to betrue within a few per
ent level in [17℄ and with respe
t of the average densi-25



ties produ
ed, the (gluoni
) minijet system appears thermal. The quantity
τform ∼ 1/psat is an estimate for overall formation time of (semi-)hard par-tons. More energeti
 minijets form earlier and some se
ondary intera
tionshave already taken pla
e at τ = τform. Re
ent studies on plasma instabil-ities [81℄ also suggest a faster thermalization than estimates based on the\bottom-up" s
enario [82℄.Even if the matter is not fully thermalized at τ ∼ τform, the pQCD mini-jet formation suggests that, by that time, a very dense partoni
 system isformed. In most hydrodynami
al studies the thermalization time is takento be τ0 = 0.6 . . . 1.0 fm/
 (see e.g. a review [83℄). At RHIC, this is a
3−5 times larger time s
ale than the formation time of the minijets. Hen
e,in these studies, se
ondary 
ollisions, that are required for thermalization,will o

ur before the hydrodynami
al evolution begins. From point of viewhere, using hydrodynami
s with the short thermalization time τ0 = τformalso approximates 
ollisions that lead to the thermalization. The authorsof [84℄ found that the data at the RHIC energy √

sNN = 200 GeV favour asmall initial radial velo
ity, whi
h 
an be asso
iated with pre-thermal inter-a
tions. This 
ould suggest that the main part of the parti
le produ
tionindeed happens at the time s
ale ∼ 1/psat and the system also begins theradial expansion at that time, whi
h does not require thermalization. This�nite time in between formation and thermalization 
ould be des
ribed byusing free streaming. However, treating the densest state of the evolution asfree streaming, in the authors opinion, does not sound more plausible thanusing hydrodynami
s immediately after the formation. The real situationmost likely lies in between these extreme s
enarios.The transverse pro�les of the initial densities are extra
ted by di�erentiatingthe overlap fun
tion TAA (3.3) with respe
t to d2s. The nu
leon-nu
leonluminosity for a transverse element d2s is TA(b−s)TA(s) and the di�erentialvolume element dV = τ0dyd2s. Thus, the initial densities for the boost-invariant hydrodynami
 
ow be
ome [I, V℄
ǫ(τ0 = 1/psat, s) =

dET

τ0dyd2s
= [TA(s)]2 σ〈ET 〉

psat

∆y
(3.10)

nB(τ0 = 1/psat, s) =
dNB−B̄

AA

τ0dyd2s
= [TA(s)]2 σ〈NB〉

psat

∆y
(3.11)for fully 
entral, b = 0, AA-
ollisions.Here only (nearly) 
entral 
ollisions, in whi
h the pQCD+saturation de-s
ription works well, are dis
ussed. Centrality and rapidity dependen
ies at26



the �nal state saturation model have also been explored [85, 86℄ but it seemsthat the pQCD+saturation works when there is only a single dominant s
ale
psat in the system. For example, as in the 
ase of parti
le produ
tion in 
en-tral 
ollisions at mid-rapidity. In a peripheral 
ollision the 
entre of the �rstnu
leus meets the border of the other and the di�eren
es in density andthi
kness may lead to (at least) two separate s
ales.
3.3 Centrality selectionThe assumption of azimuthal symmetry, made in Se
. 2.2, is stri
tly validonly for fully 
entral 
ollisions. In pra
ti
e, all experimental results aregiven in 
entrality 
lasses whi
h have to be taken into a

ount in order tomake a realisti
 
omparison between data and theory.It is assumed that the 
entrality 
an be taken into a

ount by 
onsideringfully 
entral 
ollisions of two e�e
tive nu
lei Aeff < A, whi
h are determinedby the 
entrality sele
tion. The total inelasti
 
ross se
tion of the AA-
ollision is written as

σAA
in (

√
sNN ) =

∫

d2b [1 − exp
(

−σpp
in (

√
s)TAA(b)

)

], (3.12)where σpp
in (

√
s) is the measured total inelasti
 
ross se
tion in pp-
ollisions[45℄. For RHIC (LHC) some interpolation (extrapolation) must be done toobtain the value of σpp

in (
√

s).An impa
t parameter range br 
orresponding to a fra
tion r of the totalinelasti
 
ross se
tion is
rσAA

in ≡ σAA
in (br) =

∫

|b|<br

d2b [1 − exp
(

−σpp
in TAA(b)

)

] ≈ πb2
r . (3.13)The latter approximation is very good when r ≤ 0.1. The average numberof parti
ipants in this 
entrality 
lass 
an be estimated as

〈Npart〉r ≈ 1

πb2
r

∫

|b|<br

d2b Npart(b), (3.14)where the number of parti
ipants in symmetri
 AA-
ollisions is 
omputedfrom
Npart(b) = 2

∫

d2s TA(b− s)[1 − exp
(

−σpp
in TA(s)

)

]. (3.15)The e�e
tive mass number Aeff is found by requiring the number of parti
-ipants in fully 
entral AeffAeff -
ollisions to be equal to 〈Npart〉r.27



3.4 Initial state at the SPSThe pQCD+saturation approa
h works at the 
ollider energies, but it is notmeaningful at lower energies, su
h as those obtained in the SPS. Minijetsrepresent the hard part of parti
le produ
tion whereas, in the SPS, soft pro-
esses are more signi�
ant. A reasonable estimate for the appli
ability ofthe �nal state saturation 
an be obtained from 
ollision geometry.The saturation momentum psat s
ales as [17℄
psat = 0.208A0.128

(√
sNN

GeV

)0.191

GeV. (3.16)By using the gamma-fa
tor γcm ⋍

√
sNN/2mp ⋍ 1/2(

√
sNN/GeV), one ob-tains an estimate for the transit time of the 
olliding nu
lei τtr ∼ 2RA/γcm.Naturally, the (assumed) thermalization time τ0 = 1/psat has to be largerthan the transit time of the 
olliding nu
lei. In the opposite 
ase, when

τ0 < τtr, some primary intera
tions take pla
e after the assumed thermal-ization and the formation time 
annot be meaningfully estimated from thesaturation momentum. Using RA ∼ 1.12A1/3 fm, the 
ondition τ0 > τtr isful�lled when [17℄ √
sNN

GeV
>∼ 6.8A0.57. (3.17)For RHIC energies τ0 ∼ τtr, while at the SPS τ0 ≪ τtr ∼ 1 fm/
 in 
ontradi
-tion with the longitudinal geometry. At the LHC τ0 ≫ τtr and the 
ollisionregion in the tz-plane is mu
h 
loser to a point as 
ompared to RHIC. Thus,the pQCD+saturation model 
ould perform even better at the LHC energies.At the SPS energies [II, IV℄, the initial state for the boost-invariant hy-drodynami
s have been taken from [87℄. The initial energy density at thetransverse plane is assumed to be proportional to the number of woundednu
leons. The thermalization time and normalizations of the initial den-sities are free parameters. The authors of [87℄ 
hose τ0 = 0.8 fm/
 and�xed the normalizations a

ording to experimentally observed multipli
ityin 
entral 
ollisions.Initial states used at the SPS energy are des
ribed in more detail in Se
. 4.4where thermal photons are 
onsidered. This is be
ause the ele
tromagneti
probes are sensitive to details of the initial state.
28



Chapter 4

Results

4.1 Initial conditions in collider energiesChap. 3 outlined how the initial state is 
onstru
ted at the 
ollider energies.Results from the pQCD+saturation approa
h are 
olle
ted to Table 4.1. The
√

s/A [GeV℄ 130 200 5500Centrality 5 % 5 % 10 % 15 % 5 %
Aeff 181 181 166 153 193

TAeffAeff
(0) [1/mb℄ 26.1 26.1 23.1 20.6 28.5

Npart 346 347 318 293 376
psat [GeV℄ 1.06 1.15 1.14 1.12 2.01
τ0 [fm/
℄ 0.19 0.17 0.17 0.18 0.10

σ〈ET 〉 [mbGeV℄ 67.0 85.9 88.3 90.7 479
σ〈Ng〉 [mb℄ 37.3 44.6 46.4 48.2 140

∑

q σ〈N q〉 [mb℄ 4.66 4.58 4.75 4.92 6.66
∑

q σ〈N q̄〉 [mb℄ 2.76 2.98 3.10 3.21 6.34
σ〈N〉 [mb℄ 44.7 52.2 54.3 56.3 153

σ〈NB−B̄〉 [mb℄ 0.635 0.536 0.553 0.570 0.109Table 4.1: The pQCD quantities 
omputed [V℄ with p0 = psat in the 
entral
Aeff+Aeff 
ollisions at RHIC and LHC 
orresponding to various experimental 
en-trality sele
tions. The saturation s
ales, 
orresponding formation times, number ofparti
ipants and the overlap fun
tion at b = 0 are shown.pQCD+saturation approa
h is a 
losed phenomenologi
al framework to de-s
ribe the primary produ
tion in mid-rapidity. Within the assumptionspresented in Chap. 3, initial densities | in
luding their normalizations |are fully determined when the mass number of the 
olliding nu
lei, CMSenergy and experimental 
entrality sele
tion are given.29



As 
an be seen from the results in Table 4.1, the formation time of the denseminijet system is τ0 = 0.1 . . . 0.2 fm/
 in 
ollider energies at RHIC and LHC.The average initial densities 
an be obtained using Eq. (3.9). For example,when the average initial parton and energy densities in the 5 % most 
entralAu+Au 
ollision at √sNN = 200 GeV are
〈n〉 ≈ 67 1/fm3 and 〈ǫ〉 ≈ 110 GeV/fm3 (4.1)at τ0 = 1/psat = 0.17 fm/
. Similarly, the total net-baryon number, in 
en-tral rapidity y = 0 at RHIC, dNB−B̄/dy ≃ NB−B̄

AA /∆y = TAeffAeff
σ〈NB〉 ≈

14.0 is a predi
tion of the pQCD+saturation approa
h.However, to 
ompare the net-baryon number in 
entral rapidity with ex-perimental results, the hydrodynami
al evolution must be gone through inorder to obtain the 
hemi
al 
omposition of the net-baryon number. Thisis be
ause the pQCD + saturation approa
h only 
ounts the di�eren
e ofprodu
ed quarks and anti-quarks. A hydrodynami
al simulation [V℄, using
Tdec = 150 MeV, gives the �nal state multipli
ities p − p̄ ≈ n − n̄ ≈ 5.5,
Λ − Λ̄ ≈ 2.3 and smaller 
ontributions from heavier hyperons in
luded inthe EoS. The obtained net-proton rapidity density agrees with the experi-mental result p − p̄ = 6.4 ± 0.4(stat) ± 1.0(sys) measured by the BRAHMS
ollaboration [54℄.The initial energy and net-baryon density pro�les, from whi
h the hydro-dynami
al evolution begins, are given by Eq. (3.10). The resulting energydensities in 5 % most 
entral Au+Au 
ollisions at RHIC and the Pb-Pb
ollisions at the LHC are shown in Fig. 4.1.It should be noted, that σ〈Ng〉/σ〈N〉 ∼ 0.85 (0.91) at RHIC (LHC), whi
hmeans that the produ
ed minijet system is roughly 90 % gluoni
 after theformation. In fully thermalized ideal plasma, the 
ontribution of gluonsto the total thermal density nther =

(

gB + 3
4gF

) ζ(3)
π2 T 3 would be 16/(16 +

9Nf ) ≈ 0.37 for Nf = 3. The expe
ted gluon dominan
e in the pQCD+saturation des
ription of the primary produ
tion thus indi
ates that even ifthe produ
ed parti
les may be 
lose to the kineti
 equilibrium, they will befar from the 
hemi
al equilibrium.Sin
e it is assumed that the matter is fully thermalized at the formation(τther = τform), the parti
le densities follow the thermal densities throughouthydrodynami
al evolution. In a more realisti
 
al
ulation [67℄ the deviationfrom the 
hemi
al equilibrium has been des
ribed, by use of the multipli
a-30
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Figure 4.1: Transverse pro�le of the initial energy density in an average Aeff+Aeff
ollision in the 5 % most 
entral 
ollisions at the LHC (solid line) and RHIC (dashedlines). Formation times and e�e
tive nu
lei are indi
ated, see Table 4.1.tive fuga
ity fa
tors in the QGP part of the EoS. The evolution of fuga
itiesis determined by solving the rate equations [88, 89℄ together with the hy-drodynami
al evolution equations.The hydrodynami
al evolution is driven by the pressure. Sin
e, for a rel-ativisti
 ideal gas of massless parti
les P = ǫ/3, the out-of-
hemi
al equi-librium does not 
hange the evolution in the plasma phase1. It also hasbeen found [67℄ that the lifetime of the plasma phase is long enough forthe system to nearly equilibrate before entering the hadroni
 phase of theevolution. (However, equilibrium is approa
hed more slowly with di�erentinitial 
onditions for fuga
ities [88, 89℄.)As was dis
ussed in Se
. 2.5, hadron spe
tra are determined from 
ondi-1In [67℄ the bag 
onstant is a fun
tion of fuga
ities 
ausing minor 
hanges to theevolution near the phase transition region. 31



tions at the de
oupling. Sin
e the evolution of the transverse 
ow doesnot 
hange signi�
antly and the 
hemi
al equilibrium is rea
hed before thehadronization, the 
hemi
al non-equilibrium is not expe
ted to a�e
t theresults presented in [I, III, V℄ appre
iably.In the non-equilibrium 
ase, there are less degrees of freedom in the plasmaphase as 
ompared with the equilibrium 
ase. As a result, at a given energydensity, the parton densities are smaller and the temperatures higher in thenon-equilibrium plasma, although the pressure remains the same. Thesee�e
ts have important 
onsequen
es for the photon emission studied in [IV℄.This is dis
ussed further in Se
. 4.4.
4.2 Global observablesIn [I℄, global observables (i.e. integrated quantities su
h as multipli
ities andtransverse energies) were studied in the 
ase where also a radial expansionand a realisti
 hadron gas were in
luded to improve the estimates presentedin [17℄, in whi
h only the longitudinal expansion was 
onsidered.The main results in [I℄ are summarized in Figs. 4.2 and 4.3, whi
h show thetotal multipli
ity dN/dy and transverse energy dET /dy at y = 0 as a fun
-tion of the CMS energy √

sNN . The open triangles 
orrespond to results forfully 
entral Au+Au 
ollisions and the open squares for Pb+Pb 
ollisions.The �lled symbols represent the 6 % most 
entral 
ollisions. Results with-out the transverse expansion [17℄, presented as lines in Figs. 4.2 and 4.3, are
al
ulated for fully 
entral 
ollisions and should be 
ompared to the opensymbols.The total (
harged) multipli
ity 
an be estimated using the pQCD+saturationmodel. This is done by assuming the entropy 
onservation and entropy perparti
le ratio S/N ∼ 4, and that together, they relate the �nal multipli
ityof hadrons to the number of partons Nf produ
ed to the mid-rapidity in-terval ∆y in the primary intera
tions as dN/dy ∼ 1.03Nf [17℄.As seen from results in Fig. 4.2, the total multipli
ity does not 
hange appre-
iably when the transverse expansion is in
luded on top of the longitudinalexpansion. With or without transverse expansion, the entropy in the rapid-ity unit is 
onserved in the hydrodynami
al expansion, ex
ept for a smallnumeri
al di�usion. However, at RHIC, the results with the transverse ex-pansion tend to have larger values 
ompared to those found in [17℄. Asdis
ussed in [I℄, there are 
ompensating e�e
ts whi
h explain these small32
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Figure 4.3: As in Fig. 4.2 but for thetotal transverse energy dET /dy. Thedotted line show the initial transverseenergy and the solid line a predi
tionfor �nal transverse energy [17℄. For de-tails, see the text.
deviations. The most important ones are: the in
rease of the initial entropydensity s ∼ g1/4ǫ3/4 when the 
ontribution from (anti)quarks is in
ludedwith that of gluons in the e�e
tive degrees of freedom g. Yet, the ratio s/nin
reases when a more realisti
 hadron resonan
e gas is 
onsidered at the�nal state, instead of the massive pion gas.The transverse energy is redu
ed by the pdV work done in the longitudinalexpansion of the 
uid. The solid (dotted) lines in Fig. 4.3 show predi
tionsfor the �nal (initial) transverse energy presented in [17℄. The initial val-ues 
orrespond to the transverse energy of produ
ed partons at saturation.The �nal transverse energy is obtained by 
onsidering longitudinal Bjorkenexpansion in the 
ase of an ideal gas equation of state, whi
h leads to

ET (final) = (Tf/T0)ET (initial), (4.2)where Tf and T0 are the �nal and initial temperatures. The �nal tempera-ture was 
hosen to be Tf = 180 MeV sin
e the s
aling relation above is valid33



for the ideal gas EoS, i.e. only in the plasma phase. Also, the transversetimes
ale, τT ∼
√

3RA ∼ 11 fm/
 for A = 197 . . . 208, provides a rough esti-mate for a time by whi
h the rarefa
tion wave has penetrated from the edgeof the system to the 
enter and the radial expansion also be
omes important[22℄. At RHIC, the longitudinal expansion alone 
ools the system down tothe phase transition temperature within τc ∼ 6 fm/
 < τT , but at the LHC
τc ∼ 20 fm/
 > τT [17, V℄. Thus the transverse expansion was predi
ted tobe
ome important already in the plasma phase at the LHC [17℄. This wasveri�ed in [V℄, where the lifetime of the plasma phase, in the 
enter of the�reball r = 0, was found to be τc(r = 0) ≈ 5.5 fm/
 at RHIC and 7.5 fm/
at the LHC. (See Figs. 4.5 and 4.6.)The results for dET /dy with transverse expansion [I℄, the squares and tri-angles in the Fig. 4.3, lie in-between the initial and �nal values obtainedwith the longitudinal expansion only. With the transverse expansion, theredu
tion in the transverse energy is less, as would be expe
ted, due tothe build up of the transverse 
ow. However, the transverse 
ow 
annotfully 
ompensate for the energy transfer to the longitudinal motion and theredu
tion from the initial values is still 
onsiderable: a fa
tor of ∼ 2.7 atRHIC and ∼ 3.6 at the LHC.The results for the global observables [V℄ have been 
olle
ted in Table 4.2,whi
h shows the multipli
ities and transverse energies in the 5 % most 
en-tral Au+Au 
ollisions at √sNN = 130 and 200 GeV. The results are givenwith two de
oupling temperatures, Tdec = 120 and 150 MeV, both withand without the feed-down 
ontributions. The results with the feed-downare presented in parentheses. As noted in [I℄, the 
hoi
e of the de
ouplingtemperature (and the feed-down 
ontributions) 
auses less than 10 % ef-fe
ts in the total multipli
ities and transverse energies. However, both de-
oupling temperature and feed-down 
ontributions are important when the(anti)proton or lambda yields are 
onsidered.Table 4.3 presents experimental results for the dN/dy of π+, K± and (anti)-protons measured by PHENIX [49℄ and STAR [50℄ 
ollaborations in the 5 %most 
entral Au+Au 
ollisions at √sNN = 200 GeV. Experimental resultsfor pions and kaons agree with 
al
ulated values within the experimentalun
ertainties. The PHENIX 
ollaboration have extra
ted feed-down 
ontri-butions from their data while these are in
luded in the STAR 
ollaborationsdata. As 
an be seen from the measured yields, the feed-down 
ontributionsare 
onsiderable in the (anti)proton data. However, based on the pion andkaon yields, whi
h are fairly insensitive to feed-down, it seems that STAR34



√
sNN [GeV℄ 130 200

Tdec [MeV℄ 120 150 120 150
dN/dy(tot) 1012 (1023) 1098 (1134) 1248 (1261) 1315 (1358)
dN/dη(tot) 896 (904) 927 (954) 1111 (1122) 1120 (1153)
dN/dy(
har) 625 (634) 662 (690) 771 (781) 793 (826)
dN/dη(
har) 557 (564) 566 (587) 691 (699) 683 (708)

dET /dy(tot) [GeV℄ 655 (655) 692 (691) 838 (838) 857 (856)
dET /dη(tot) [GeV℄ 588 (589) 578 (579) 760 (760) 726 (727)

dNπ+

/dy 265 (267) 259 (269) 327 (330) 310 (323)
dNπ0

/dy 291 (295) 287 (300) 359 (364) 344 (360)
dNπ−/dy 265 (270) 259 (272) 327 (332) 310 (325)
dNK+

/dy 40.7 (40.8) 51.2 (51.2) 49.9 (49.9) 60.7 (60.8)
dNK−/dy 38.2 (38.2) 48.2 (48.3) 47.7 (47.7) 58.4 (58.5)
dNp/dy 9.8 (13.5) 20.2 (29.7) 10.2 (14.2) 22.5 (33.2)
dN p̄/dy 3.3 (4.7) 13.1 (19.8) 4.8 (6.8) 17.0 (25.6)
dNΛ/dy 4.0 (5.0) 9.7 (12.6) 4.2 (5.3) 10.9 (14.3)
dN Λ̄/dy 1.4 (1.8) 6.8 (9.0) 2.1 (2.6) 8.7 (11.4)

p̄/p 0.34 (0.35) 0.65 (0.67) 0.47 (0.48) 0.76 (0.77)
Λ̄/Λ 0.36 (0.37) 0.70 (0.71) 0.49 (0.50) 0.79 (0.80)

dNB−B̄/dy 16.6 14.0Table 4.2: Multipli
ities and total transverse energies with and without feed-down
ontributions for the 5 % most 
entral Au+Au 
ollision with √
sNN = 130 and 200GeV. Result with feed-down are presented in parentheses. Also the predi
tion forthe net-baryon number is shown.obtains slightly larger yields than PHENIX. Also, the multipli
ity of protonsat mid-rapidity dNp/dy = 34.7 ± 6.2, obtained by STAR [50℄, agrees withBRAHMS result [54℄ dNp/dy = 26.6 ± 0.6(stat)±1.6(sys) within the givenerrors. However, the mean value given by STAR is 
learly higher. Whenthe feed-down 
ontributions are extra
ted from the data, BRAHMS obtains

dNp/dy = 17.5 ± 1.2(stat)±3.0(sys) in a

ordan
e with PHENIX result.The results [V℄ in Table 4.2, obtained using Tdec = 150 MeV and in
lud-ing feed-down, agree with STAR results. However, it should be noted thatthe kaon multipli
ity has been marginally ex
eeded. A 
omparison to thePHENIX data, where the feed-down is extra
ted, leads to a similar 
on
lu-sions. However, here the (anti)proton multipli
ities were also overshot.It is important to note that, in both 
ases the 
al
ulated (anti)proton yields35



dN/dy π+ K+ K− p p̄PHENIX 286.4 ± 24.2 48.9 ± 6.3 45.7 ± 5.2 18.4 ± 2.6 13.5 ± 1.8STAR 322 ± 32 51.3 ± 7.7 49.5 ± 7.4 34.7 ± 6.2 26.7 ± 4.0Table 4.3: Experimental results for dN/dy in the 5 % most 
entral Au+Au 
olli-sions with √
sNN = 200 GeV from the PHENIX [49℄ and STAR [50℄ 
ollaborations.The PHENIX results are 
orre
ted for the feed-down 
ontribution but the STARresults are not.would be 
learly less than the experimental value if Tdec = 120 MeV was
hosen, as was done in [I℄. The total multipli
ities and transverse energiesare insensitive to the 
hoi
e of Tdec sin
e the main 
ontribution to both ofthem 
omes from the low-pT pions, for whi
h the transverse spe
tra turnout to be rather independent of Tdec (see Se
. 4.3).The de
oupling temperature is a free parameter in the pQCD+saturation+hydrodynami
s framework 
onsidered here. The results for multipli
ities atRHIC energy √

sNN = 200 GeV 
ould be tuned by 
hoosing Tdec = 140MeV, in whi
h 
ase dNp/dy = 18.3 (26.6) and dN p̄/dy = 12.9 (19.0) areobtained without (with) the feed-down 
ontributions. These results are inperfe
t agreement with the PHENIX and BRAHMS results but under theyields obtained by STAR.Parti
le ratios, espe
ially those involving (anti)protons, depend on the de-
oupling temperature. Table 4.4 shows the results found for various parti
leratios in the 5 % most 
entral Au+Au 
ollisions at √
sNN = 200 GeV to-gether with the PHENIX data [49℄.As shown in Table 4.4, π−/π+ > 1. In this 
al
ulation, the multipli
ity ofnegative pions is larger than that of positive ones as a result of the followingde
ays of hyperons (and their ex
ited states) [45℄: Λ → p + π− (BR ≈ 64%) results in more negative pions be
ause Λ − Λ̄ > 0 when nB > 0. Thesituation is similar for the negative 
as
ade Ξ− → Λ + π− (BR ≈ 100 %).For sigmas, one �nds Σ− → n + π− with BR ≈ 100 % while Σ+ → n + π+\only" with BR ≈ 48 %, sin
e there is another, also Cabibbo-suppressed,de
ay 
hannel Σ+ → p + π0 with BR ≈ 52 %. Thus, these de
ays produ
emore negative pions when Σ − Σ̄ > 0. The de
ays of the Ω− mainly feed

Λ's and Ξ's. As seen from Table 4.2, one would obtain π−/π+ = 1 whenthe hyperon feed-down is not 
onsidered. These results for π−/π+ are 
on-sistent with the PHENIX data [49℄ within the given systemati
 errors.36



Tdec [MeV℄ 120 140 150 PHENIX (stat+sys)
π−/π+ 1.007 1.007 1.007 0.984 ± 0.004 ± 0.057

K−/K+ 0.958 0.962 0.963 0.933 ± 0.007 ± 0.054

p̄/p 0.488 0.716 0.776 0.731 ± 0.011 ± 0.062

K+/π+ 0.151 0.182 0.188 0.171 ± 0.001 ± 0.010

K−/π− 0.144 0.174 0.180 0.162 ± 0.001 ± 0.010

p/π+ 0.043 0.080 0.102 0.064 ± 0.001 ± 0.003

p̄/π− 0.021 0.057 0.079 0.047 ± 0.001 ± 0.002Table 4.4: Experimental results for parti
le ratios in the 5 % most 
entral Au+Au
ollisions at√sNN = 200 GeV from PHENIX [49℄. The hydrodynami
al resultsusing Tdec = 120, 140 and 150 MeV are presented with feed-down 
ontributionfrom hyperons.
In the results K−/K+ < 1 due to the required lo
al strangeness neutrality(2.13): when net-baryon number nB > 0, the net-strangeness from hyperonsis balan
ed | in parti
ular | by positive kaons. Again, the results agreewith the experimental data within the systemati
 errors.The result for p̄/p agrees with the PHENIX result for Tdec = 140 . . . 150 MeVbut is 
learly less than the experimental value if Tdec = 120 MeV is 
hosen.This 
an be understood with the following rough estimate: regardless of thede
oupling temperature p(1 − p̄

p) = p − p̄ ∼ 1
3(B − B̄) ≡ 1

3∆B whi
h leadsto
p̄

p
∼ 1 − ∆B

3p
. (4.3)The above ∆B is determined by the pQCD+saturation model and is 
on-served during the evolution while the proton multipli
ity p depends on the

Tdec. It should also be noted that p̄/p, and hen
e K−/K+, di�er from unityin this 
al
ulation due to the non-zero σ〈NB〉 (see Table 4.1), whi
h essen-tially measures the number of valen
e quarks s
attered to the mid-rapidity.The K/π, and in parti
ular p/π ratios, are not as well reprodu
ed but,nevertheless, both multipli
ities and parti
le ratios are surprisingly 
loseto the experimental results with a single and high de
oupling temperature
Tdec ∼ 150 MeV. 37



4.3 Hadron spectra

4.3.1 Results at RHICThe results for the hadron spe
tra were 
ompared with the data in [43℄when spe
tra for negatively 
harged hadrons at RHIC energy √
sNN = 130GeV, measured by the STAR 
ollaboration [90℄, were �rst published. This�rst data already indi
ated, that the �nal hadron spe
tra obtained are tooshallow if Tdec = 120 MeV is used, whi
h was 
hosen based on the hydrody-nami
al studies at the SPS (see e.g. [24℄). The spe
tra of identi�ed hadrons,measured by the PHENIX 
ollaboration [48℄, also showed that, if Tdec = 120MeV was 
hosen, the data for the transverse spe
tra of pions is 
learly over-shot and furthermore too few (anti)protons were obtained.The spe
tra of identi�ed hadrons measured by the PHENIX 
ollaboration[48℄ are shown in Fig. 4.4. The results from [III℄ are shown for three di�erentde
oupling temperatures Tdec = 120, 150 and 160 MeV. The spe
tra of nega-
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Figure 4.4: Transverse momentum spe
tra of identi�ed hadrons in the 5 % most
entral Au+Au 
ollisions at √
sNN = 130 GeV. The data is from the PHENIX
ollaboration [48℄ and the 
urves are the results from [III℄ using Tdec = 120, 150and 160 MeV.tive (positive) hadrons are presented in the left (right) panel. The PHENIXdata in
ludes ∼ 30 % feed-down 
ontributions from the hyperons but thehydrodynami
al results without the feed-down are presented in Fig. 4.4.38



The hyperon feed-down is mainly seen as an enhan
ement in the low-pTregion of the transverse momentum spe
tra of (anti)protons. Hydrodynam-i
al results with feed-down 
ontributions are presented in Fig. 10 in Ref. [V℄.As depi
ted in Fig. 4.4, the overall agreement with the PHENIX data [48℄is rather good for both shapes and normalizations of pion, kaon and protonspe
tra with a single de
oupling temperature Tdec = 150 . . . 160 MeV. It is(perhaps) a little surprising that the pion spe
tra also be
ome steeper whenthe de
oupling temperature is raised from 120 to 150 MeV. The Cooper andFrye pres
ription (Eq. (2.12)) shows that the 
ontributions to the pT >∼1 GeVrange of the transverse spe
tra 
ome from the regions of the de
oupling sur-fa
e where vr>∼0.5. Under these 
onditions, the slopes of the spe
tra behaveapproximately as ∼ exp
(

−pT /Tdec

√

1+vr

1−vr

)

≡ exp(−pT /Teff). If the radial
ow velo
ity vr grows fast enough in the evolution, the Teff also grows andthe �nal spe
tra are more shallow with smaller de
oupling temperatures.Now the slopes of the spe
tra of identi�ed hadrons will be examined in moredetail. Figs. 4.5 and 4.6 show the phase boundaries and two di�erent de-
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Figure 4.5: The phase boundariesand the two de
oupling 
urves stud-ied, Tdec = 150 and 120 MeV,with sele
ted 
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sNN = 200GeV.

Figure 4.6: As in Fig. 4.5 but forthe 5 % most 
entral Pb+Pb 
olli-sions at √sNN = 5500 GeV.
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oupling 
urves, for Tdec = 150 and 120 MeV, and a sele
tion of 
owlines ofthe 5 % most 
entral Au+Au and Pb+Pb 
ollisions at √
sNN = 200 GeVand √

sNN = 5500 GeV, respe
tively [V℄. As dis
ussed in [III℄, a 
owlinestarting from r = 5 fm at τ0 
rosses the de
oupling surfa
e at the regionwhi
h dominates the tail of the �nal (thermal) spe
tra, where the slope ofthe spe
tra 
an be analyzed by studying Teff . In [III℄ the development of
Teff as a fun
tion of the falling temperature was studied as determined alongthe 
owline in question.While the a
tual spa
e-time evolution is markedly di�erent with di�erentequations of state, some general observations 
an be made with regards tothe development of the 
ow. The e�e
tive temperature Teff was shown [III℄to grow | along a 
owline | if there is a �rst order phase transition inthe EoS but also in the 
ase where a ri
h hadron gas EoS is 
onsideredwithout the phase transition. However, in the 
ase of a massive pion gasEoS without a phase transition, the Teff and slopes of the �nal thermalpion spe
tra were almost independent on the 
hoi
e of Tdec. These obser-vations 
an be explained as follows [III, V℄: In the 
ase of a massive piongas, without phase transition, the EoS is hard whi
h leads to fast growthof 
ow. At the same time, the temperature drops rapidly and, as a result,
Teff remains nearly 
onstant. When a ri
h hadron gas, without phase tran-sition, is 
onsidered, the EoS is soft but the lifetime of the system grows asthe energy release from the heavy resonan
e states slows down the de
reaseof temperature. With a longer lifetime, growth of the 
ow over
omes thede
rease of the temperature, leading to a growth of Teff . The in
lusion ofthe �rst order phase transition to the EoS was shown to lead to a similarin
rease of the slopes of the thermal spe
tra. The strength of the phasetransition 
an be measured using the latent heat between the two phases.A larger latent heat leads to a stronger de
agration from the mixed phaseto the hadron gas, whi
h results in the growth of Teff . Also, as long as a�rst order phase transition is in
luded, the slopes of the �nal spe
tra arenot very sensitive to the number of resonan
e states that are in
luded in thehadron gas. Redu
ing the number of heavy hadrons and resonan
es makesthe hadron gas part of the EoS harder and the de
agration stronger (i.e. thelatent heat larger), but the resulting stronger growth of 
ow is 
ompensatedby a faster drop of temperature and a shorter system lifetime. Correspond-ingly, in
reasing the number of hadroni
 states redu
es the latent heat andmakes the hadroni
 part of the EoS softer, leading to slower growth of 
owbut, sin
e the temperature drops more slowly, the 
ow has time to build up.The dis
ussion now turns to the results for 
entral Au+Au 
ollisions at40



√
sNN = 200 GeV. Fig. 4.7 shows the transverse momentum spe
tra of

0 1 2 3 4 5 6 7 8 9 10 11

pT [GeV]

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

1/
2

p T
dN

/d
p T

d
[1

/G
eV

2 ]

0 1 2 3 4 5 6 7 8 9 10 11

pT [GeV]

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

1/
2

p T
dN

/d
p T

d
[1

/G
eV

2 ]

5 % most central

pQCD + E-loss
pQCD
Tdec = 120 MeV
Tdec = 150 MeV

BRAHMS 0-10 %
PHOBOS 0-6 %
PHENIX 0-5 %
STAR 0-5 %
s

1/2
= 200 AGeV

RHIC Au+Au

(h
-
+h

+
)/2

Figure 4.7: Transverse momentumspe
tra of 
harged parti
les at η = 0in the 5 % most 
entral Au+Au 
ol-lisions at √
sNN = 200 GeV. Thehydrodynami
 results are shown for

Tdec = 150 MeV (solid line) and Tdec =

120MeV (dotted line). The data shownwas taken by STAR [72℄, PHENIX [71℄,PHOBOS [73℄ and BRAHMS [74℄ in the
entrality 
lasses indi
ated.
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Figure 4.8: Transverse momentumspe
tra of positive pions, positive kaonsand protons at y = 0 in the 5 % most
entral Au+Au 
ollisions at √
sNN =

200 GeV. The solid lines show thehydrodynami
 results with Tdec =

150 MeV and the dotted lines theresults with Tdec = 120 MeV. ThePHENIX data [49℄ and the BRAHMSdata [53, 92℄ are shown with statisti-
al errors and the STAR data [50℄ bythe given total error bars. The hydro-dynami
 
al
ulation and the PHENIXdata are without the hyperon feed-down 
ontributions but the STAR andBRAHMS data in
lude the feed-down.
harged hadrons in the 
entral Au+Au 
ollisions at √
sNN = 200 GeV asmeasured by the STAR [72℄, PHENIX [71℄, PHOBOS [73℄ and BRAHMS [74℄
ollaborations. The hydrodynami
al results presented in [V℄ with Tdec = 150(solid line) and Tdec = 120 MeV (dotted line) are shown. Contributionsfrom the hyperon feed-down are in
luded in the hydrodynami
al spe
tra.Fig. 4.7 
learly shows that the bulk properties of the expanding �reball arewell des
ribed when the initial state of the hydrodynami
s is taken fromthe pQCD+saturation model [17℄. Hydrodynami
s 
an des
ribe the spe
traof 
harged parti
les up to pT <∼2 − 3 GeV, whi
h is the same appli
ability41



region for a hydrodynami
al des
ription, as suggested by studies on ellipti

ow, see e.g. [32℄.For 
omparison, the result from jet fragmentation2 without and with en-ergy loss are 
onsidered for spe
tra of 
harged parti
les in Fig. 4.7 (and inFig. 4.13 below). The jet fragmentation results, without energy losses, are
al
ulated using the leading order pQCD, nu
lear parton distribution fun
-tions, fragmentation fun
tions and the energy dependent K-fa
tor, whi
his determined from the experimental data for pp-
ollisions [91, V℄. Theseresults provide baseline pQCD spe
tra in AA-
ollisions. The energy loss isin
orporated to these baseline spe
tra in terms of quen
hing weights, whi
hare generalized probabilities for a parton to lose an amount ∆E of its originalenergy [75, V℄. As the quen
hing weights are 
omputed using the eikonal ap-proximation, the energy loss of a jet 
an, in prin
iple, be arbitrarily large.Sin
e the parton energies are �nite in real 
ollisions, it may happen thatprobabilities to lose 0 ≤ ∆E ≤ Ejet of energy are not properly normalized.This may lead to too large a suppression and thus the 
al
ulation gives thelower limit for the results with energy loss. The upper limit is obtained byreweighting the quen
hing weights su
h that the probability 
onservation isenfor
ed. For more details, see [75℄.In Fig. 4.7 the dashed line represent the baseline pQCD 
al
ulation for jetfragmentation in the 
ase where no energy losses are taken into a

ount[91, V℄. The yellow band, between the upper and lower limits des
ribedabove, shows the results with energy loss. It is observed that at high-pT ,the measured spe
tra are 
learly suppressed as 
ompared to the baselinepQCD spe
trum without energy loss (dashed line) [91, V℄ while the resultswhi
h in
lude the energy loss [75, V℄ (yellow band) ni
ely des
ribe3 theregion pT>∼3.5 GeV. In the intermediate pT region neither hydrodynami
snor the pQCD+energy loss 
al
ulation is suÆ
ient to des
ribe the data butboth are needed.Fig. 4.8 shows the spe
tra of positive pions, kaons and protons in the 5 %most 
entral Au+Au 
ollisions at √
sNN = 200 GeV. The data was takenby the PHENIX [49℄, STAR [50℄ and BRAHMS [53, 92℄ 
ollaborations. Thefeed-down 
ontributions are extra
ted from the PHENIX data but the STARand BRAHMS data 
ontain the feed-down 
ontributions. All the experi-2Studies of jet fragmentation and jet energy losses are performed by other authors(KJE and HH) of [V℄.3To a 
ertain extent by 
onstru
tion, sin
e the value of the transport 
oeÆ
ient, that
hara
terizes the energy loss, is obtained from a �t to √

sNN = 200 GeV data [75℄.42



mental results for pions and kaons, that are not largely a�e
ted by the weakde
ays of the hyperons, agree with high pre
ision. The solid (dotted) linesshow the hydrodynami
al results from [V℄ with Tdec = 150 (120) MeV. The
ontributions from the hyperon feed-down are not in
luded in the hydrody-nami
al results.As in the 
ase when 
ollisions energy √
sNN = 130 GeV, as presented inFig. 4.4 and dis
ussed earlier, a rather good overall des
ription of the mea-sured spe
tra of identi�ed hadrons is obtained using a single de
ouplingtemperature Tdec = 150 MeV, while all spe
tra are too shallow if Tdec = 120MeV is 
hosen. In parti
ularly, Fig. 4.8 shows that the spe
tra of (positive)pions are very well reprodu
ed using Tdec = 150 MeV. Pions form ∼ 75 %of the total multipli
ity at RHIC at y = 0 (see Table 4.2) and thus are themost important 
onstituents of the �reball.
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Fig. 4.9 shows the spe
tra of π+ + π−, K+ + K− and p + p̄ at the ultra-low transverse momentum as measured by the PHOBOS 
ollaboration inthe 15 % most 
entral Au+Au 
ollisions at √
sNN = 200 GeV [93℄ . Thedata extending to higher pT is by PHENIX. The hydrodynami
al results are
al
ulated with Tdec = 150 MeV. By magnifying the small pT s
ale, the over-shooting obtained in the kaon and (anti)proton yields 
an be seen. Pionsare also well reprodu
ed at low pT and the transverse momentum plottedusing a log-s
ale 
learly depi
ts that the spe
tra of pions also be
ome 
atin the region pT <∼mπ.As seen from Fig. 4.8, the measured spe
tra of protons are 
atter than thehydrodynami
al results with Tdec = 150 MeV. In the framework 
onsideredhere the model has been kept as simple and transparent as possible. Theoverall des
ription obtained at RHIC energies is, in fa
t, surprisingly good.In order to study the e�e
ts from the 
hoi
e of the de
oupling in more de-tail, the spe
tra of pions and protons will be shown when the de
ouplingtemperature is varied between 120 − 150 MeV in steps of 10 MeV.Fig. 4.10 shows the measured [49, 50, 53, 92℄ spe
tra of positive pions al-ready presented in Fig. 4.8 together with the hydrodynami
al results with

Tdec = 120, 130, 140 and 150 MeV. The slopes of the measured pion spe
traagree with the hydrodynami
al results when Tdec = 140 . . . 150 MeV.The measured spe
tra of protons are shown using two �gures due to thedetails of feed-down 
ontributions. Fig. 4.11 shows PHENIX [49℄ resultswhere the feed-down is extra
ted from the data and Fig. 4.12 shows resultsobtained by STAR [50℄ and BRAHMS [92℄ with feed-down 
ontributions.The hydrodynami
al 
urves are 
al
ulated 
orrespondingly. As dis
ussed inSe
. 4.2, STAR obtains a larger multipli
ity for protons than does BRAHMS.The data presented in Fig. 4.12 may suggest that a blast wave �t, used bySTAR [50℄ to obtain the multipli
ity, gives a rather 
at transverse spe
trumfor protons.As seen from Figs. 4.11 and 4.12, the hydrodynami
al results tend to be toosteep when Tdec = 140 . . . 150 MeV. With a lower de
oupling temperaturethere would be an overshoot of the pion spe
tra and also the normalizationof the proton spe
trum would be
ome too low. By 
hoosing Tdec = 140MeV it appears that the RHIC data at √sNN = 200 GeV is best des
ribed.However, a detailed simultanous des
ription of both pion and proton spe
tra
annot be obtained from this 
al
ulation by assuming simultanous 
hemi
aland kineti
 de
oupling. 44
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Separate 
hemi
al freeze-out at temperature Tchem < Tkin has been studiedin [94, 34, 84℄. With separate 
hemi
al freeze-out, a better des
ription of(anti)proton spe
tra is found. However, 
onstru
tion of the EoS with partial
hemi
al equilibrium is not unique [34℄ and requires modelling. It has beenshown here that the main features of the Au+Au 
ollisions at RHIC energies
an be reprodu
ed in a simple framework where Tchem = Tkin ∼ 150 MeV,but the details of the spe
tra of heavy hadrons indi
ate a need for a moreelaborate des
ription of the hadron gas phase. Another possibility would beto treat the evolution after the 
hemi
al freeze-out and the de
oupling e.g.with the hadroni
 transport model [95℄. A detailed study of the e�e
ts fromthe 
hemi
al de
oupling in the pQCD+saturation+hydrodynami
s frame-work is beyond the intended s
ope here but should be addressed in thefuture. 45



4.3.2 Predictions for the LHCSin
e the framework here for the initial state is 
losed, predi
tions 
anbe made for hadron spe
tra at the LHC. The results for total (
harged)multipli
ity and transverse energy have already been presented in [I℄ using
Tdec = 120 MeV, as was dis
ussed in Se
. 4.2. In what follows, the depen-den
e of hadron spe
tra and multipli
ities on the de
oupling temperature isshown and dis
ussed at the LHC energy.Fig. 4.13 shows the results from [V℄ for spe
tra of 
harged parti
les in the
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tion from [V℄ for the transverse momentum spe
tra of
harged hadrons at η = 0 in the 5 % most 
entral Pb+Pb 
ollisions at the LHCenergy √
sNN = 5500 GeV. The shaded band in the hydrodynami
 results showsthe sensitivity of the results to Tdec in the interval 150 . . .120 MeV. The solid
urve labeled "pQCD" 
orresponds to the pQCD fragmentation results, where noenergy losses have been taken into a

ount. The shaded band related to this isthe estimated un
ertainty in the extrapolation of the K-fa
tor to the LHC energy.The shaded band labeled "pQCD + E-loss" des
ribes the un
ertainty in the pQCDfragmentation results with energy losses, see the text for details.5 % most 
entral Pb+Pb 
ollisions at √

sNN = 5500 GeV. The hydrody-nami
al results are plotted as a red band whi
h shows the sensitivity of the46



results to the 
hoi
e of Tdec in the range 120− 150 MeV. The 
urve labeledas \pQCD" shows results from jet fragmentation without energy loss. Thegrey band around the 
urve indi
ates the un
ertainty in the energy depen-dent K-fa
tor, when extrapolation to the LHC energy is done. The detailsare dis
ussed in [V℄. The yellow band represents the jet fragmentation 
al-
ulation when energy losses are taken into a

ount. The un
ertainties in theyellow band a

ount for only the reweighting of the quen
hing weights. Inaddition, there is a ∼ 30 % \systemati
" un
ertainty whi
h stems from thevalue of the K-fa
tor.As at RHIC, the hydrodynami
al spe
tra of pions are not sensitive to Tdecin the range pT <∼2 GeV and hen
e the total multipli
ity and transverse en-ergy are also fairly insensitive to the de
oupling temperature (see Table 4.5below). Sin
e the hydrodynami
al spe
tra are 
onsiderably 
atter than atRHIC, the thermal 
omponent of the spe
tra dominates up to pT ∼ 4 − 5GeV. This suggests a larger appli
ability region for hydrodynami
s at theLHC as 
ompared to RHIC.Fig. 4.14 shows the hydrodynami
al results from [V℄ for the spe
tra of posi-tive pions and kaons and protons. The solid 
urves 
orrespond to Tdec = 150MeV 
hosen on the basis of the RHIC data. The sensitivity of these resultsto the 
hoi
e of the de
oupling temperature is illustrated by the yellowbands enveloping the 
urves. The steepest spe
tra are obtained by 
hoosing
Tdec = 160 MeV and the most shallow ones with Tdec = 120 MeV.The integrated observables, the total multipli
ities and transverse energies,and the multipli
ities of di�erent hadron spe
ies are given in Table 4.5for three de
oupling temperatures. A predi
tion of the pQCD+saturationmodel for the net-baryon number at mid-rapidity is also given.The total 
harged multipli
ity dN ch/dy ∼ 2850 for the 5 % most 
entralPb+Pb 
ollision at LHC energy √

sNN = 5500 GeV is predi
ted. This valueis roughly three times higher than at RHIC. The ratio between the totaltransverse energy and multipli
ity
RET N ≡ dET /dy

dN/dy
(4.4)is RET N ∼ 0.63 GeV at RHIC while at the LHC RET N ∼ 0.86 GeV whi
halso indi
ates stronger transverse 
ow and larger average transverse energiesof parti
les at the LHC 
ompared to RHIC.47
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Figure 4.14: Transverse momentum spe
tra predi
ted for positive pions, positivekaons and protons at y = 0 in the 5 % most 
entral Pb+Pb 
ollisions at √sNN =

5500 GeV. The solid lines show the hydrodynami
 results with Tdec = 150 MeV.The yellow envelopes around the 
urves represent varying Tdec in the range 120-160MeV.Proton multipli
ity is diÆ
ult to predi
t, sin
e the results vary by ∼ 20 %even in the range of Tdec = 150−160 MeV. Despite this, it is predi
ted thatthe net-baryon number will be as small as ∼ 3 and the net proton number
p − p̄ ∼ 1, regardless of the de
oupling temperature. Proton to anti-protonratio, p/p̄, is not very sensitive to the 
hoi
e of Tdec at the LHC. This as-sertion 
an be justi�ed through Eq. (4.3): ∆B/3p is small for any Tdec.Some predi
tions for the total multipli
ity at the LHC have been 
olle
tedin [96℄. At that time the expe
tations for the total multipli
ity varied by afa
tor of 6, in the range dN/dy ∼ 1200− 8000! The RHIC data and furtherdevelopment of models, however, has redu
ed the spread in the predi
tions.A Monte Carlo-based event generator DPMJET, whi
h is able to des
ribevarious 
ollisions and observables, has predi
ted4 dN ch/dy ∼ 2800 [97℄. A
olour glass 
ondensate model [37℄ is extended to the LHC energy [98℄ andthe authors �nd that dN ch/dy ∼ 1750−2100. A model whi
h 
ombines softprodu
tion and saturation of perturbatively produ
ed minijets [99℄ gives4The DPMJET-II.5 version of the 
ode.48



Tdec [MeV℄ 120 150 160
dN/dy(tot) 4460 4730 4840
dN/dη(tot) 4120 4240 4290
dN/dy(
har) 2760 2850 2900
dN/dη(
har) 2560 2570 2600

dET /dy(tot) [GeV℄ 4010 4070 4110
dET /dη(tot) [GeV℄ 3790 3710 3680

dNπ+

/dy 1170 1120 1120
dNπ0

/dy 1290 1240 1240
dNπ−/dy 1170 1120 1120
dNK+

/dy 175 214 218
dNK−/dy 175 214 218
dNp/dy 25.8 70.8 88.1
dN p̄/dy 24.6 69.6 86.9

p̄/p 0.95 0.98 0.99
dNB−B̄/dy 3.11Table 4.5: Multipli
ities and total transverse energies without feed-down 
ontribu-tions for the 5 % most 
entral Pb+Pb 
ollisions at √sNN = 5500 GeV. A predi
tionfor the net-baryon number is also shown.

dN ch/dy ∼ 3000 − 3300. As there is still a fa
tor of two spread in therange of these predi
tion values, the forth
oming LHC data will be eagerlyawaited.
4.4 Thermal photonsThermal photons are suggested to be an ideal probe for the hot early stagesof the evolution, sin
e photons es
ape from the 
ollision region immediatelyafter produ
tion, due to their large mean free path [56℄. However, as dis-
ussed in Se
. 2.7.1, the measured photon spe
trum is 
omposed of photonsfrom various sour
es of ele
tromagneti
 intera
tion that o

urs in all stagesof the 
ollision. The dominant 
ontribution 
omes from de
ays of the �-nal state hadrons, mainly π0's and η's, whi
h makes the isolation of ex
essphotons, over those originating from the de
ays of �nal hadrons, an exper-imentally 
hallenging task. The WA98 
ollaboration [28, 29℄ has su

eededin produ
ing results on ex
ess photons at the SPS. Re
ently, the PHENIX
ollaboration [100℄ has also reported on spe
tra of ex
ess photons at RHIC.The ex
ess photons 
onsists of prompt photons from intera
tions between49



partons of in
oming nu
lei, photons from jet-photon 
onversion [65℄ andthermal photons from se
ondary intera
tion in the expanding �reball.
4.4.1 The WA98 dataIt seems that the WA98 data [28, 29℄ for ex
ess photons 
annot be fully ex-plained with prompt photons [101, 29℄. This means there is room for thermalphotons, from se
ondary intera
tions, in the explanation. In [II℄ thermalphotons, with a (2+1)-dimensional hydrodynami
al software, in Pb+Pb
ollision at √

sNN = 17.3 GeV were analyzed. The 
ode in
ludes bothtransverse and longitudinal expansion but assumes azimuthal symmetry.Obtained results were 
ompared to those found using (1+1)-dimensionalboost-invariant hydrodnami
s5.As dis
ussed in Se
. 3.4, the initial state for boost-invariant (BI) hydrody-nami
s 
annot be obtained, at the SPS energies, from the pQCD+saturationmodel. Hen
e, the shapes of the initial density pro�les for BI-hydrodynami
sfrom [87℄, whi
h were given at the thermalization time τ0 = 0.8 fm/
, wereused. This initial state was s
aled to τ0 = 1.0 and 0.3 fm/
 with a longitudi-nal Bjorken expansion su
h that the entropy in the unit rapidity remained
onstant.The justi�
ation for s
aling up the thermalization time to τ0 = 1.0 fm/
 is toful�ll the 
ondition on the transit time of the 
olliding nu
lei, as presentedin Se
. 3.4, on whi
h basis τ0 = 1.0 fm/
 is 
hosen in many hydrodynami
alstudies at the SPS energies. S
aling to τ0 = 0.3 fm/
 was inspired by thestudies presented in [102℄, in whi
h the authors found that the initial state,with τ0 = 1.0 fm/
, 
annot reprodu
e the high-kT region of the ex
ess pho-ton spe
trum without an initial transverse velo
ity. However, lowering theinitial time leads to better des
ription of the photon spe
trum. This 
an beunderstood as follows [102, II, IV℄: the total entropy (in the 
entral rapidityunit) of the initial state 
an be �xed from the experimental multipli
ity, i.e.normalization of the initial entropy density for a 
hosen thermalization time
τ0. Small 
hanges in τ0 do not alter the �nal hadron spe
tra appre
iably aslong as the total initial entropy is the same (see Fig. 4.16 below). In the 
aseof a massless ideal gas, without radial expansion, the temperature s
ales as
T (r, τ) = T (r, τ0) × (τ/τ0)

1/3 meaning, that de
reasing the thermalizationtime 
onsiderably raises the initial temperature. This, however, leads toan enhan
ement in the thermal photon spe
trum at high photon transverse5The author has performed the boost-invariant 
al
ulations in [II℄ and thus the resultsfrom this simpler approa
h are dis
ussed in a more detailed fashion.50



momentum, kT , due to Boltzmann suppression ∼ e−kT /T in the emissionrates.The authors of [103℄ have studied an interplay between the thermalizationtime and a possible initial radial velo
ity in the spe
tra of thermal photonsat the SPS. They made a simultaneous χ2-analysis of the hadron spe
traand the WA98 data. The out
ome was that the thermalization time 
an beraised to τ0>∼1.0 fm/
 by the introdu
tion of an initial linear radial velo
ity.Although lowering the initial temperature redu
es the photon emission inhigh-kT region, the stronger radial velo
ity 
ompensates for the e�e
t byboosting the emitted photons to larger kT [103, II℄.The e�e
ts from thermalization time and initial radial velo
ity are summa-rized in Fig. 4.15. The red (blue) solid (dashed) line shows the results with
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Figure 4.16: Transverse momentumspe
tra of neutral pions at the SPSmeasured by the WA98 
ollaboration[28, 29℄. The 
urves are results fromboost invariant hydrodynami
s, assum-ing τ0 = 1.0 or 0.3 fm/
 and vr = 0 or
0.3.

τ0 = 0.3 (1.0) fm/
 and vr = 0 (0.3). As dis
ussed above, and shown inFig. 4.15, the 
ombination of τ0 = 0.3 fm/
 with vr = 0 and τ0 = 1.0 fm/
with vr = 0.3 leads to exa
tly the same thermal photon spe
trum. Two-loopphoton emission rates [59℄ are used in the plasma phase in the 
al
ulationspresented in Fig. 4.15. The hydrodynami
al results are 
ompared to the51



WA98 data below in Fig. 4.17. In those results, the resummed photon emis-sion rate [61℄, whi
h in
ludes the LPM suppression, is used.In summary, in order to use boost-invariant hydrodynami
s to explain WA98data, either a fast thermalization need to be assumed or an initial radialvelo
ity need to be introdu
ed. Unfortunately, both possibilities 
ontainunsatisfa
tory elements at the SPS. A rapid thermalization at τ0 ∼ 0.3 fm/
violates the estimated transit time of the nu
lei, indi
ating that the hydro-dynami
al evolution begins while the �reball is still in formation.The spe
trum of neutral pions measured by the WA98 
ollaboration [28, 29℄is shown in Fig. 4.16. The 
urves show the results from boost-invariant hy-drodynami
s with τ0 = 0.3 (1.0) fm/
 and vr = 0 (0.3), as in Fig. 4.15. Theresults verify the statement that the slope of the pion spe
trum does not
hange signi�
antly when the initial time τ0 is redu
ed from 1.0 fm/
 (solidblue line) to 0.3 fm/
 (solid red line). As seen from Fig. 4.16, the slopesof the pion spe
tra do not tolerate an initial radial velo
ity of vr = 0.3(dashed lines) in the 
al
ulations but instead, lead to an overshooting6 as
ompared to the WA98 data [28, 29℄. These observations may indi
ate, thatthe boost-invariant des
ription fails to explain the WA98 results for thethermal photons simultanously with the π0 data, and it is essential to takeinto a

ount the longitudinal geometry at the SPS. However, this study is\
onservative" in the sense that e�e
ts from the in-medium modi�
ation ofhadrons, studied e.g. in [104℄, are not taken into a

ount.The results from [II℄ for studies of the WA98 data have been 
olle
ted andpresented in Figs. 4.17 and 4.18. The labels \IS 1" and \IS 2" refer tothe two initial states used in the (2+1)-dimensional hydrodynami
al 
ode,in whi
h the assumption of the boost-invarian
e is relaxed. These initialstates are des
ribed in detail and the results for hadroni
 observables areshown in [25, II℄. IS 1 is su
h that the initial energy density is stronglypeaked in the middle of the �reball, leading to a large value for the maxi-mum initial temperature. In IS 2, the initial densities are 
atter and hen
e,the temperature is also smaller. All 
al
ulations were done using EoS whi
hhas a phase transition to the QGP (referred to as \EoS A" below).Curves labeled as \BI" in Fig. 4.17 show results from the boost-invarianthydrodynami
s. The number in the parenthesis refers to the initial time,
τ0 = 0.3 or 1.0 fm/
. If 
ompared to the results shown in Fig. 4.15 (with
vr = 0), it 
an be seen that the thermal photon yield is redu
ed by ∼ 30 %6One should note that similar overshooting did not o

ur in [103℄.52



Figure 4.17: Thermal photon spe
traat the SPS from [II℄ with WA98 data[28, 29℄. Curves labeled as \IS 1" and\IS 2" show results from non-boost-invariant hydrodynami
s with two dif-ferent initial 
onditions. Label \BI"refers to boost-invariant hydrodynam-i
s and the number in parenthesis toinitial times τ0 = 0.3 and 1.0 fm/
.EoS A, with a phase transition to QGP,was used in all 
al
ulations.
Figure 4.18: The lower set of 
urvesas in Fig. 4.17 but EoS A (H) refers toEoS with (without) a phase transition.The upper set of 
urves, s
aled by a fa
-tor of 100, shows the results when the
ontribution from the prompt photons[101℄ is in
luded.

when the LPM suppression [60, 61℄ is in
luded in the photon emission rate.A \hot" initial state, IS 1, leads to a similar result as BI(0.3), where thethermalization time in boost invariant hydrodynami
s is pushed to valueswhi
h 
ontradi
t the longitudinal geometry. Similarly, a \
ool" initial state,IS 2, is 
lose to the 
ase of BI(1.0) whi
h is in a

ordan
e with the longitudi-nal geometry. It is 
lear that, either IS 2 + EoS A or BI(1.0) 
an reprodu
ethe high-kT region of the ex
ess photon spe
trum.It is important to note that, 
ontrary to BI(0.3), the initial state IS 1 isrealisti
. In the 
ase where the assumption of boost invariant 
ow is re-laxed and the system has an initial �nite longitudinal extent, the initialthermalization time is no longer uniquely de�ned. However, an estimate ofthe thermalization time 
an be made from the initial longitudinal extent ofthe �reball: as the Lorentz gamma fa
tor γ ∼ 10 at the SPS, the thi
knessof the system is roughly ∼ 1.3 fm when the 
olliding nu
lei have maximumoverlap. The time taken to rea
h the longitudinal extent of 3.4 fm, whi
hwas 
hosen in [II℄, would be ∼ 1 fm/
.53



Fig. 4.18 shows the results for the thermal photon emission for the 
ombi-nations IS 1 + EoS A and IS 2 + EoS H. While there is a phase transitionto QGP in the EoS A, the EoS H des
ribes the matter as a hadron gas at alltemperatures7. The upper set of 
urves in Fig. 4.18, s
aled up by a fa
torof 100, in
lude 
ontributions from the prompt photons [101℄. CombinationsIS 1 + EoS A and IS 2 + EoS H simultaneously reprodu
e [25, II, IV℄ theNA49 data [105℄ for the rapidity distributions of negative hadrons and theWA98 data [28, 29℄ for neutral pions and dire
t photons. As dis
ussed in[II, IV℄, the initial temperature is ∼ 50 MeV higher in IS 1 as 
ompared toIS 2 due to a di�erent 
hoi
e for the initial longitudinal 
ow. Yet, the �nal
ow 
onditions and the entropy of the initial state are so similar, that thehadroni
 data is equally well reprodu
ed. Although the parameter spa
e forthe initial 
onditions, that reprodu
e the hadroni
 observables, is large, it
an be restri
ted by using ele
tromagneti
 observables as anti
ipated in [25℄.In summary, when the assumption of boost-invariant 
ow is relaxed, one
an �nd realisti
 initial 
onditions whi
h well des
ribe both hadroni
 anddire
t photon data. Also, even the average initial temperature has to be
onsiderable, 〈Tini〉>∼ 210 MeV [II, IV℄, and above the 
riti
al temperatureobtained from the latti
e [3, 38℄. The shape of the dire
t photon spe
trumis better reprodu
ed in the s
enario with a phase transition. These obser-vations lend support for plasma formation at the SPS but un
ertainties |both theoreti
al and experimental | are too large to draw a de�nite 
on
lu-sion. Nonetheless, the assumption of plasma formation does not 
ontradi
texperimental results.
4.4.2 Thermal photons at RHICAs dis
ussed in the introdu
tion of [V℄ (see also the 
itations presented),there is a wealth of eviden
e that the energy density obtained at RHIC is
onsiderably higher than at the SPS. As thermal photon emission is verysensitive to the initial temperature, it is parti
ularly interesting to study itin the 
ontext of fast thermalization as assumed here.A predi
tion for the thermal photon emission in the 6 %most 
entral Au+Au
ollisions at √sNN = 200 GeV was presented in [IV℄. Sin
e the data takenby PHENIX [100℄ is for the 10 % most 
entral 
ollisions, the results here arepresented with the same 
entrality sele
tion. However, the di�eren
e in theresults is rather small.7EoS H is the same as \HRG" in [III℄ used in order to study the evolution of Teff .54



Figs. 4.19 and 4.20 show the predi
tion from [IV℄ for thermal photons to-gether with the PHENIX data [100℄. To see the di�eren
e between the
entralities of 0-6 % and 0-10 %, 
ompare Fig. 4.19, whi
h shows the resultsin the 6 % most 
entral 
ollisions as predi
ted in [IV℄, and Fig. 4.20, wherethe 0-10 % 
entrality is used.
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Figure 4.20: Transverse momen-tum spe
tra of ex
ess photons in the10 % most 
entral Au+Au 
ollisions at√
sNN = 200 GeV by the PHENIX 
ol-laboration [100℄. The solid line is a pre-di
tion of the framework 
onsidered inthe text. The dashed (dotted) line isobtained when the thermalization timeis s
aled down to τ0 = 0.6 (1.0) fm/
.The yellow band shows a predi
tion forthe 
ontribution from prompt photons[106℄. The upper limit is obtained byassuming intrinsi
 transverse momen-tum 〈p2

T
〉 = 2.4 GeV2. In the lowerlimit 〈p2

T
〉 = 0.The solid line in Fig. 4.19 shows the total thermal photon spe
trum andthe dashed (dotted) line presents the 
ontribution from the plasma (hadrongas) phase. Emission from the plasma (hadron gas) part of the mixed phaseis in
luded in the dashed (dotted) line. The 
ontribution from the plasmadominates the spe
trum of thermal photons at kT >∼3 GeV. However, thisresults from the assumption of an early thermalization, whi
h leads to alarge initial temperature. If τ0 = 1.0 fm/
 is assumed, emission from the55



hadron gas and plasma are of equal importan
e.Fig. 4.20 shows the transverse momentum spe
tra of ex
ess photons in the10 % most 
entral Au+Au 
ollisions at √sNN = 200 GeV as measured bythe PHENIX 
ollaboration [100℄. On
e again, the solid line is a predi
tionof the pQCD+saturation+hydrodynami
s framework. The dotted (dashed)line shows the results when the thermalization time is s
aled to τ0 = 0.6(1.0) fm/
. A predi
tion for the prompt photon 
ontribution [106℄ is alsoshown as a yellow band in Fig. 4.20. The upper limit is obtained by as-suming an intrinsi
 transverse momentum of 〈p2
T 〉 = 2.4 GeV2, while in thelower limit 〈p2

T 〉 = 0.As 
an be seen from Fig. 4.20, a drop of the initial temperature (i.e. latethermalization) drasti
ally redu
es the photon emission. Also, the high-kTregion of the thermal photon spe
trum in the 
ase τ0 = 0.6 fm/
 is 
learly
loser to the results using τ0 = 1.0 fm/
 than the ones obtained with τ0 = 0.2fm/
. This further demonstrates the fa
t that the dominant 
ontribution tothe high-kT region of the thermal photon spe
tra 
omes from the �rst mo-ments of the evolution. As the studies at SPS energies showed, the 
hoi
eof the thermalization time is indeed the biggest un
ertainty when boost-invariant hydrodynami
s is used to 
al
ulate the thermal photons spe
trum.More statisti
s is needed to obtain 
lear experimental results at kT <∼3 GeVregion, where so far only 90 % 
on�den
e upper limits have been a
hieved[100℄. The latest preliminary results presented at the Quark Matter 2005
onferen
e [107℄ indi
ate that the data will be 
onsistent with these upperlimits. The prompt photons dominate the ex
ess photon spe
trum in theregion pT >∼3 GeV. Hen
e, more a

urate data around kT ∼ 2 GeV will beuseful in studying the thermal emission.The results with τ0 = 1/psat (solid line in Fig. 4.20) are 
onsistent with theupper limits obtained by the PHENIX 
ollaboration. Also, this 
al
ulationshould give an upper limit for the thermal photon emission as the matterwas assumed to thermalize immediately after produ
tion. The studies ofthe ellipti
 
ow indi
ate that τ0 should be smaller than 1.0 fm/
 and hen
e,
hoosing τ0 = 1.0 fm/
 
an be 
onsidered as a lower limit. Un
ertaintiesin the experimental results are 
onsiderable at the low-kT region but theupper limits obtained suggest that a 
hange of the slope takes pla
e whenthe prompt photon 
ontribution begins to dominate the spe
tra at kT ∼ 3GeV, as was predi
ted in [IV℄. 56



The 
ontribution from the jet photon 
onversion [65℄ has been re
ently stud-ied in more detail in [66℄ and found to be of the same magnitude as withprompt photons at kT ∼ 2.5 GeV. Nevertheless, both seem to fall under thethermal produ
tion at kT <∼2 GeV.As dis
ussed in Se
. 4.1, it is known that the 
reated minijet system ismostly gluoni
 and hen
e it may be far from thermal equilibrium. As thereare less degrees of freedom in the gluon ri
h plasma, the temperature as afun
tion of energy density is larger. However, at the same time the emis-sion rate is redu
ed as there are less 
harged (anti)quarks in the plasma. Adetailed study of equilibration of the plasma and photon emission in non-equilibrium, based on the initial state obtained from the pQCD+saturationmodel, was presented in [67℄. Details of the study are beyond the s
opeof dis
ussion here. However, the �nal out
ome is that the rise in the tem-perature and the redu
tion of the emission rate 
an
el ea
h other out tolarge extend. Publi
ation [67℄ also presents the predi
tions for the thermalphoton emission at the LHC.
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Chapter 5

Discussion and OutlookBoost-invariant hydrodynami
al studies, in whi
h the initial state is basedon the pQCD+saturation model [17℄ at 
ollider energies, were presented inthis thesis. In most of the hydrodynami
al studies the initial state is ob-tained with a trial and error method using experimental data as a feed-ba
k.Although a lot 
an be learnt about the properties of the dense medium withthese studies, the predi
tive power of the hydrodynami
al model is limited,sin
e the hydrodynami
s itself 
annot be used to study the formation of thedense �reball in high energy 
ollisions.The pQCD+saturation model is a des
ription of parti
le produ
tion in pri-mary intera
tions between the partons of the in
oming nu
lei. By assumingan adiabati
 longitudinal expansion, the pQCD+saturation model has su
-
essfully predi
ted the multipli
ities observed in the 
entral 
ollisions at theRHIC energies. However, as the model [17℄ does not in
lude transverse ex-pansion, a 
olle
tive transverse 
ow or the transverse spe
tra of hadrons,for example, 
annot be studied. A more realisti
 equation of state anda spa
e-time evolution determined by boost-invariant hydrodynami
s withthe transverse expansion was 
onsidered in [I, III, V℄.Together, the assumptions of fast thermalization and entropy 
onservation,during the expansion, relate the �nal rapidity density of hadrons to the num-ber of partons produ
ed to mid-rapidity unit in the primary intera
tions [17℄.Be
ause of entropy 
onservation, details of the transverse expansion do nota�e
t the results for the multipli
ities. The situation is more 
ompli
atedfor the transverse energy. The initial transverse energy of the produ
edpartons is large but it is redu
ed by the pdV work done in the longitudinalexpansion [17℄. The 
olle
tive transverse 
ow partly 
ompensates for thisredu
tion but it is still 
onsiderable: a fa
tor of 2.7 at RHIC and 3.6 at the59



LHC [I℄.Hadron spe
tra in the 5 % most 
entral Au+Au 
ollisions at √sNN = 130GeV were studied in [III℄. It was found that the experimentally measuredspe
tra favour a high de
oupling temperature, Tdec ∼ 150 MeV, when si-multaneous 
hemi
al and kineti
 de
oupling is assumed. The data taken at√
sNN = 200 GeV leads to the same 
on
lusions [V℄. The role of the highde
oupling temperature has been dis
ussed [III, V℄. Also, the feed-down
ontributions, from the weak de
ays of hyperons, in the hadron spe
tra andmultipli
ities have been dis
ussed in detail [V℄.The measured spe
tra of 
harged parti
les are well reprodu
ed in the trans-verse momentum range pT<∼2 GeV whi
h is the same appli
ability regionfor a hydrodynami
al des
ription as suggested by the studies of ellipti
 
ow[32℄. The high-pT region of the transverse spe
tra of 
harged hadrons 
an bedes
ribed using jet fragmentation and energy loss 
al
ulations [V℄. At RHIC,an interse
tion between the hydrodynami
al and jet fragmentation+energyloss spe
tra takes pla
e at the intermediate pT ∼ 3 . . . 4 GeV.The measured spe
tra of pions are very well reprodu
ed but the spe
tra ofprotons show interesting details. If the de
oupling temperature is taken as

Tdec ∼ 150 MeV, the proton spe
trum is too steep and the normalization istoo large. With a smaller de
oupling temperature the pion spe
tra be
ometoo shallow and the proton yield too small. These observations indi
ate aneed for separate 
hemi
al and kineti
 de
oupling. As studied in [94, 34, 84℄,when the 
hemi
al de
oupling is 
onsidered, the spe
tra of pions no longerdepend on the 
hoi
e of the kineti
 freeze-out temperature and the 
hemi
alpotentials preserve the normalization of the proton spe
tra. With a kineti
de
oupling temperature Tkin ∼ 100 MeV the proton spe
tra be
ome moreshallow, in a

ordan
e with the measured data. However, the bulk prop-erties of the 
reated �reball 
an be des
ribed with the simpler framework
onsidered here.As the initial state of the hydrodynami
s is determined from the pQCD+saturation 
al
ulation, the studies 
an be easily extended to the LHC en-ergy [I, V℄. Predi
tions for the transverse spe
tra and integrated observ-ables at the LHC energy were presented. In parti
ular, the predi
tions forthe 
harged parti
le multipli
ity dNch/dy = 2850, the net baryon number
NB −NB̄ = 3.14 and for the net proton multipli
ity p− p̄ ≈ 1, at the 
entralrapidity unit, are fairly insensitive to the de
oupling temperature. Also, the
rossing of hydrodynami
al and jet fragmentation+energy loss results takes60



pla
e at pT ∼ 4 . . . 6 GeV at the LHC. This indi
ates a wider appli
abilityregion for the hydrodynami
al models at the LHC 
ompared to RHIC. Inparti
ular, the ellipti
 
ow should follow the hydrodynami
al des
ription upto a larger transverse momentum at the LHC.Thermal photons are penetrating probes and the high photon transversemomentum range of the thermal photon spe
tra are sensitive to the �rstmoments of the evolution, i.e. to the initial 
onditions of the hydrodynami-
al evolution. The thermal photon emission at the SPS has been studied [II℄and it has been observed that the details of the longitudinal expansion 
anbe important at these lower energies. At the RHIC energies, boost-invarianthydrodynami
s should work better at the mid-rapidity region. However, atRHIC, the 
ontribution from prompt photons [106℄ and jet photon 
onver-sion [66℄ ex
eeds the thermal 
omponent in the large transverse momentumregion, where the 
ontribution from the plasma phase dominates the ther-mal emission. Nevertheless, it seems that a possible window exists at kT ∼ 2GeV where the thermal 
omponent dominates the dire
t photon spe
tra.A predi
tion for the ex
ess photon spe
trum has been presented [IV℄. Thethermal emission was 
al
ulated with the initial 
onditions from the pQCD+saturation model. The sensitivity to the thermalization time was also stud-ied. The prompt photon 
ontribution was taken from a predi
tion presentedin [106℄. By 
ombining these results, good agreement with the data gath-ered by the PHENIX 
ollaboration [100℄ was obtained. At kT ∼ 2 GeV, thepredi
tion from [IV℄ with the assumption of fast thermalization, τ0 = 1/psat,is 
lose to the experimental upper limits obtained in that region. Re
entpreliminary data [107℄ indi
ates that the �nal spe
tra will be 
lose to theobserved upper limits.As dis
ussed, the measured proton spe
tra and parti
le ratios, in parti
ular,indi
ate the presen
e of a separate 
hemi
al de
oupling. This also leads toe�e
ts on the thermal emission of photons in the hadroni
 phase. In the
ase of a partial 
hemi
al equilibrium, the temperature, in a given energydensity, is smaller than in the 
ase of equilibrium [94, 34, 84℄ and the �nalsize of the system at de
oupling is smaller for a given de
oupling tempera-ture [34, 84℄. Hen
e, a redu
tion of the emission from the hadron phase 
anbe expe
ted. This should be studied in detail in future.At 
ollider energies, a fast thermalization, immediately after the primaryprodu
tion has taken pla
e, has been assumed. Plasma instabilities [81℄ lendsupport for a faster thermalization as 
ompared to the estimate τtherm ∼ 2−361



fm/
, at the RHIC energies, obtained from bottom-up des
ription [82℄. How-ever, values su
h as τtherm ∼ 0.6 fm/
, whi
h are 
ommonly assumed inthe hydrodynami
al studies at the RHIC energies, also are \
onsiderablysmaller" in this respe
t.Based on the pQCD+saturation model, the matter 
reated in the primaryintera
tion is mostly gluoni
. The deviation from the 
hemi
al equilibriumhas been des
ribed using multipli
ative fuga
ities in [88, 89, 108, 67℄, andpredi
tions for the thermal photon emission at the LHC energy are alsomade [67℄. It was found that the lifetime of the plasma phase is long enoughfor the �reball to nearly rea
h 
hemi
al equilibrium before hadronization.However, 
hemi
al equilibration may happen within a 
onsiderably smallertimes
ale. The produ
tion of quark-anti quark pairs in the presen
e ofstrong 
olour �elds has been studied re
ently [109℄. It seems that qq̄-pairsare produ
ed abundantly at a rapid rate and thus, the produ
tion of pairsthrough the inelasti
 s
atterings, like gg → qq̄, may be less important inrea
hing the 
hemi
ally equilibriated parti
le ratios.In summary, the thermalization of the produ
ed �reball is not yet fullyunderstood. However, the formation time of a dense partoni
 system is
τform ∼ 1/psat ∼ 0.2 fm/
 at the RHIC. Even if the matter is not ther-malized immediately after the formation, there will be intera
tions amongthe produ
ed partons before τ ∼ 0.6 fm/
. It is assumed here that these
ollisions 
an be e�e
tively des
ribed by the immediate appli
ation of hy-drodynami
s after the formation. A similar argument 
an also be given forthe des
ription of photon emission from se
ondary intera
tions. If the mat-ter is not thermalized, there would be an emission of pre-thermal photonsfrom the s
attering of partons, whi
h leads to the thermalization. As a �rstapproximation, these may be des
ribed with hydrodynami
s by using thethermal emission rates.
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